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CHAPTER 1 – CAPILLA DE NUESTRA SEÑORA DEL ROSARIO 
1.1 INTRODUCTION
 Located within the fortified walls of Old San Juan, Puerto Rico, Iglesia San José 
is situated on the highest point of the islet overlooking the original Spanish colonial city.  
(Figure 1.1 and 1.2)  Built in the 16th century, it is considered the second oldest church in 
the Americas.1  Over the years the structural integrity of the stone masonry building had 
weakened forcing its closure to the public in 1998.2  Accelerated deterioration placed the 
historic site on the 2004 World Monuments Watch List of 100 Most Endangered Sites.3
As part of a collaborative effort between the Archdiocese of San Juan of the Catholic 
Church of Puerto Rico, the School of Architecture at the Polytechnic University of Puerto 
Rico, the Historic Preservation Program at the University of Pennsylvania, and the World 
Monuments Fund, conservation and restoration efforts at the church are in process.4  The 
location of the site is presented in Appendix A. 
 Conservation of the Capilla de Nuestra Señora del Rosario or Rosario Chapel, and 
specifically the restoration of the cúpula or dome addressed in this research, is one 
component of the project.  (Figure 1.3 and 1.4)  Historically, the exterior of the dome 
would have been finished with a surface layer called argamasa; a lime and crushed brick 
mortar applied as a water-resistant stucco.  A series of contemporary roof repairs, 
visually and physically incompatible with the brick masonry dome, have caused damage 
1 P. Emilio Tobar, C.M.,  La Iglesia de San José: Templo y Museo del Pueblo Puertorriqueño (San Juan, 
Puerto Rico: “La Milagrosa,” 1963): 194. 
2 Beatriz del Cueto, FAIA, “Annotated Chronology of Iglesia San José, San Juan, Puerto Rico” 
(unpublished manuscript, Pantel, del Cueto and Associates, 2005): 27. 
3 Herbert Muschamp, “Uncertain Future for the Past’s Treasures,” New York Times, December 16, 2003. 
4 del Cueto, “Annotated Chronology of Iglesia San José, 37. 
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to the internal structure of the chapel.  A proper restoration of the surface finish should 
involve materials compatible with the dome’s masonry substrate, serve as a protective 
layer in a harsh tropical climate, and help to re-establish the external appearance of the 
church.
1.2 SITE BACKGROUND
 San José Church was established in the 16th century by the friars of the 
Dominican Order of the Catholic Church of Spain.  Construction of the church began in 
1532 and was originally dedicated to Santo Domingo and later to Santo Tomás.  It has 
been known as Iglesia San José since the mid-19th century.  For almost 475 years, the 
stone masonry building has endured natural disasters, human interventions, abandonment, 
and neglect. 5  Despite all of this, San José Church has remained largely intact and 
virtually unaltered. 
 The design of the church is of the Spanish Gothic influence, where the main 
sanctuary consists of an intersecting nave and transept in the form of a Latin cross.  The 
transept and apse are composed of a series of groin vaults accentuated by interlocking 
ribs that form a web-like display of intricate stone tracery.  (Figure 1.5)  This design, 
known as Isabelline Gothic, was prominent in Spain under the rule of King Ferdinand 
and Queen Isabel during the late 15th and early 16th centuries.6  Architectural drawings of 
San José Church are located in Appendix B. 
 The Rosario Chapel is an auxiliary chamber adjacent to the nave, and was 
constructed in the 17th century, although an exact date has never been confirmed.  The 
5 Tobar, La Iglesia de San José,  195,197. 
6 Tobar, La Iglesia de San José, 205-206. 
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chapel underwent a major renovation between 1773-1774 altering its structure and 
architectural features.7  The renovation, initiated by Governor Iñigo de la Mota 
Sarmiento, was designed for the past governors of Puerto Rico.8  The chapel has not 
undergone any major structural alterations since the 18th century. 
The Rosario Chapel differs from the main church in its style and construction.  It 
was largely influenced by Roman and Byzantine architecture.  Much like Imperial 
Roman architecture, the monolithic construction of the chapel heightens the uninterrupted 
volume of the space. 9  The design of the chapel is reminiscent of the early Byzantine 
church, the Hagia Sophia, where a brick masonry structure consisting of a semi-circular 
dome was supported by four rounded arches and interstitial pendentives.10  (Figure 1.6)
The chapel, constructed primarily of brick masonry, is square in plan 
approximately 26 feet in length on each side.  Four rounded masonry arches of equal 
width and height envelope the space.  The arch at the entry of the chapel is constructed of 
stone masonry and along with the corresponding arch on the other side of the nave was 
lowered in 1863 to match the height of the other brick masonry arches in the chapel.  The 
walls are infilled with mampostería, or rubble masonry construction, and support a semi-
spherical brick masonry dome.  The dome is situated approximately 34 feet above the 
7 Osiris Delgado Mercado, “Iglesia Conventual de Santo Tomás (Hoy de San José)” in Historia General de 
las Artes Plásticas en Puerto Rico (San Juan: Tomo I, 1994) as translated in, “Annotated Chronology of 
Iglesia San José, San Juan, Puerto Rico” by Beatriz del Cueto, FAIA (unpublished manuscript, Pantel, del 
Cueto and Associates, 2005): 2. 
8 Antonio Cuesta Mendoza, Historia Eclesiástica del Puerto Rico Colonial: 1508-1700 (República 
Dominicana: Arte y Cine, 1948) as translated in “Annotated Chronology of Iglesia San José, San Juan, 
Puerto Rico” by Beatriz del Cueto, FAIA (unpublished manuscript, Pantel, del Cueto and Associates, 
2005): 7. 
9 Heather Lechtman and Linn Hobbs, “Roman Concrete and the Roman Architectural Revolution in High 
Technology Ceramics: Past, Present, and Future: The Nature of Innovation and Change,” in Ceramic
Technology, edited by W.D. Kingery, (Westerville, OH: American Ceramic Society, 1986): 84-85. 
10 Heinz Kahler, Hagia Sophia (New York: Praeger, 1967): 35. 
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chapel floor and spans approximately 24 feet.  The pendentives are constructed to 
transition from the arches to the circular base of the dome.  Several campaigns of mural 
paintings have been discovered on the interior of the dome, pendentives, arches, and 
walls.  A decorative hexagonal brick masonry lantern (approximately 13 feet high), 
located on top of the dome, provides a source of ambient light.  Other features of the 
chapel include the apse, which extends beyond the square plan, and a crypt located 
beneath the chapel floor.11
1.3 THE DOME: SURFACE FINISHES
 Stuccoes or renders were often applied to structural masonry systems as a 
functional and decorative exterior surface finish.  These sacrificial layers provided 
protection against an extreme tropical climate of severe temperatures, constant high 
relative humidity, harsh sunlight, erratic rainfall, close proximity to salt water, and 
occasional hurricanes.  As waterproof roofing systems evolved, traditional materials like 
argamasa were eventually replaced with modern impervious surface materials.   
(Figure 1.7) 
On a site visit in October 2005, it was observed that the Rosario Chapel roof was 
finished with three separate systems.  The main dome consists of two distinct layers of 
argamasa and a layer of red paint.  (Figures 1.8, 1.9, and 1.10)  Twelve decorative rays in 
the shape of petals, located on the dome, protrude approximately 1 inch from the top 
layer of argamasa.  The petals are evenly distributed around the dome and extend from 
the base of the lantern down approximately 2/3 the length of the dome.  Each petal is 
11 Tobar, La Iglesia de San José, 209. 
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composed of a lime-sand mortar without crushed brick and finished with a layer of white 
paint.
The roof surrounding the dome consists of a layer of cement and a modified 
asphalt roof with metal sheeting, which, along with the paint films, have degraded to the 
point of failure in the form of cracking, flaking, and peeling.  The deteriorated 
membranes have exposed the masonry substrate making it vulnerable to moisture 
penetration, salts, biogrowth, and pollutants.  (Figure 1.11 and 1.12)  Damage is evident 
on the interior of the dome where the historic murals paintings are in various stages of 
delamination, detachment, and contain high localized concentrations of chloride salts.  
An investigation and analysis of the mural paintings was conducted in 2006 by 
University of Pennsylvania graduate student, Cynthia Silva.12
In January 2006, the first phase of a restoration project began on the exterior 
surface finishes of the Rosario Chapel dome.13  (Figure 1.13 and 1.14)  Although this 
research thesis will not include the recent field work, it should be noted that a 
collaborative effort between the Archdiocese of San Juan, local preservation firm Pantel, 
del Cueto, and Associates, the Architectural Conservation Laboratory at the University of 
Pennsylvania, and masons from the National Park Service, San Juan National Historic 
Site has resulted in the removal of the argamasa from a section of the dome, and the 
installation of a multi-layered pure lime-crushed brick mortar based on historic 
formulations.  The dome and interior of the chapel will be monitored for six months to 
12 Cynthia Silva, A Technical Study of the Mural Paintings on the Interior Dome of the Capilla de la Virgen 
del Rosario, Iglesia San José, San Juan, Puerto Rico (Master Thesis, University of Pennsylvania, 2006).  
13 The current restoration project of the dome of the Capilla de Nuestra Señora del Rosario is officially 
titled “Reproduction and Testing of Brick Dust and Lime Argamasas as Traditional Water-Tight Roof 
Coverings,” (Pantel, del Cueto, and Associates, 2006). 
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ensure that the experimental mock-up is an appropriate water-resistant surface finish that 
serves in improving the current degraded state of the chapel. 
1.3.1 ARGAMASA
Argamasa refers specifically to mortar composed of cal grasa or lime putty, 
crushed brick, and occasionally sand, and is applied like a stucco.  Argamasa literally 
means a mass of clay.  It is derived from the Latin root words argilla, meaning clay or 
potter’s clay, and massa, meaning lump or mass.   
Consisting of local materials readily available on the island of Puerto Rico, the 
binder is pure lime, the aggregate is sand, and additives include varying sizes of crushed 
brick.  Bricks ranging in size from 300 µm to <75 µm are known to react with lime and 
create hydraulic properties in a traditionally weaker non-hydraulic mortar, and are 
referred to in this research project as polvo de ladrillo or “brick dust.”14  Bricks greater 
than 300 µm are particulates known to increase porosity in a mortar improving 
carbonation and are referred to as “brick fragments.”15  The physical, chemical, and 
mechanical properties of lime-crushed brick mortars are discussed in greater detail in 
Chapter 2.
Argamasa was applied as a stucco in much the same way plasters are applied on 
interior surfaces, and the application process has changed very little over time.16  Lime 
stuccoes are typically applied in two to three coats.  The enfoscado or scratch coat, also 
known as the base coat, is distributed evenly over the masonry base and built up to a 
14 Jeanne Marie Teutonico, Iain McCraig, Colin Burns, and John Ashurst, “The Smeaton Project:  Factors 
Affecting the Properties of Lime-Based Mortars,” APT 25, no. 3-4 (1994):  41-42. 
15 Teutonico, “The Smeaton Project” 42.  
16 John Diehl, Manual of Lathing and Plastering (New York, MAC Publishers Association, 1965): 113. 
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layer approximately 3/4” to 1” thick.  As the stucco dries, it is raked or scored to allow 
for better adhesion between coats and then moist cured for several days.  The 
intermediate coat, or brown coat, is applied over the scratch coat in a layer approximately 
3/4” to 1” thick, scored, and then moist cured for approximately a week.  The enlucido or 
finish coat, also known as the top coat, which is approximately 1/8” thick, is applied and 
finished with a trowel to a smooth consistency.  Like the scratch coat, the finish coat is 
cured for several days.  The revoco or final layer in the form of a simple render or 
limewash may then be applied to either enhance or alter the original color.17
1.3.2 CONTEMPORARY ROOF MEMBRANES
The fabrication of argamasa, a technique that dates back to Ancient Rome, has 
become obsolete among the masons of Puerto Rico.  As construction technology of the 
20th century evolved, modern materials like Portland cement, synthetic paints, and single-
ply membranes emerged.  Lime based materials, which require highly skilled workers, an 
extended amount of production time, and continuous maintenance, were replaced with 
materials which could be produced at lower costs, were durable and resistant to moisture 
penetration, and required little maintenance. 
1.3.2.1 CEMENTS
Puerto Ricans began using artificial materials like Portland cement in construction 
projects as early as the 1870s. 18  Lime was replaced with Portland cement as a binder in 
17 Diehl, Manual of Lathing and Plastering, 113-117. 
18 Beatriz del Cueto, FAIA, “Conservation Methodology for Historic Buildings: Puerto Rico and the Virgin 
Islands,” (unpublished manuscript, 1997). 
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mortars, interior plasters, and exterior stuccoes.  Due to its hydraulic qualities, it created 
water-resistant structures, like footings and cisterns, which were often exposed to high 
amounts of moisture.  Subsequently, by the mid-20th century, concrete became a popular 
alternative to traditional materials like wood and rubble masonry construction.  
By definition, concrete is “any mass made by the use of a cementing medium,” 
and is typically composed of Portland cement, sand, and water.19  Based on physical and 
mechanical properties, cement-based mortars and concrete are superior materials to 
argamasa.  Cement is a fairly consistent material that has good workability, a fast set 
time, initial high strength, low shrinkage, durability, and impermeability.20
As a surface membrane, cement-based renders impart durability, impermeability, 
and strength, and do protect the masonry from most deterioration mechanisms.  Due to a 
low modulus of elasticity relative to lime, cement-based renders are prone to cracking.  
The impermeability of concrete causes moisture entering through cracks to become 
entrapped.  The moisture must then either progress or egress through the masonry unit 
system causing the formation of salt crystallization, biogrowth, and other forms of 
deterioration.  Furthermore, the material’s strength and rigidity make removal and repairs 
difficult.21
1.3.2.2 SYNTHETIC PAINTS
Paints are surface coatings applied directly to the structural masonry system or as 
a finish layer on stuccowork.  Modern exterior paints, commonly known as latex paints, 
19 Adam Neville, “Properties of Concrete: An Overview, Part 1,” in Concrete International (Feb 1986): 20. 
20 Adam Neville, “Properties of Concrete: An Overview, Part 3,” in Concrete International (Apr 1986): 56. 
21 Neville, “Properties of Concrete: Part 3,” 57. 
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consisting of emulsion films made with polyvinyl acetate and acrylic resins became 
commercially available in the mid-20th century.  These latex paints have replaced 
limewash renders and stuccoes, because they require little maintenance, are permeable, 
weather resistant, and relatively easy to remove and replace.22
Paints are a low cost alternative to labor intensive renders and stuccoes; however, 
the failure of this surface finish prevents the proper passage of moisture from the interior 
to the exterior.  Common deterioration of paints, due to poor application and poor 
adhesion to the substrate, include: peeling, blistering, and cracking.23  Once the paint film 
fails, an excess of moisture may penetrate the surface and either become entrapped 
behind the film or progress further into the interior.  Furthermore, the deterioration of 
paint films results in an unsightly, inconsistent appearance. 
1.3.2.3 SINGLE-PLY MEMBRANES
 With the increased construction of flat roofs in the 20th century, built-up roof 
systems with modified single-ply waterproofing membranes developed quickly.  Of the 
numerous products that exist in the market today, common membranes include those 
composed of bitumen or synthetic rubbers.  Bitumen, developed in the late 19th century, 
are heavy, black hydrocarbons in the form of petroleum asphalt and coal tar pitch that are 
22 Trevellyan Whittington, “Paint Fundamentals,” Chapter 1 in Paint Handbook, edited by Guy Weismantel 
(New York: McGraw-Hill Book Company, 1981): 25-26.  
23 Frank Matero, “Paints and Coatings,” Chapter 10 in Conserving Materials: A Manual of Techniques and 
Materials by Martin Weaver (New York: John Wiley & Sons, Inc, 1997): 222.  
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applied to the roof in a hot or cold liquid state.24  Bituminous membranes are weather 
resistant with low water absorption and have good cohesive and adhesive properties.25
Developed in the last quarter of the 20th century, synthetic black rubbers are a 
polymer with elastic properties typically applied in sheets.  The most common of these 
materials are modified-asphalt membranes and ethylene propylene diene monomer 
(EPDM).  Modified-asphalt membranes contain a rubberized asphalt core and are fused 
to an embossed aluminum foil sheet.26  Synthetic rubbers demonstrate flexibility, 
elasticity, weather resistance, permeability, easy application, repair, and removal.27
 Single-ply membranes are prone to fail due to poor application methods, low 
puncture resistance, and seam failure causing similar deterioration as paint films.  A good 
quality built-up roof may last up to 20 years; however, the breakdown of the membrane 
may occur within 2 to 5 years after installation.  Signs of a deteriorating membrane 
include: blistering, splitting, cracking, and delamination.28  As a result, a degraded 
membrane exposes the substrate to the environment and entraps liquid water and water 
vapor, which in turn causes deterioration of the finishes and masonry substrate. 
1.4 RESEARCH GOALS
As a protective surface finish, argamasa is the most vulnerable component of a 
roofing system.  It therefore must be compatible with the masonry substrate, impermeable 
to liquid water, permeable to water vapor, durable, capable of plastic deformation, able to 
24 C.W. Griffin, Manual of Built-Up Roof Systems (New York: McGraw-Hill Book Company, 1982): 457. 
25 Griffin, Manual of Built-Up Roof Systems, 129. 
26 Griffin, Manual of Built-Up Roof Systems, 257, 272. 
27 Griffin, Manual of Built-Up Roof Systems, 263. 
28 Griffin, Manual of Built-Up Roof Systems, 279. 
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set before calcium hydroxide leaching can occur, be repairable as necessary, and have a 
reasonable performance lifespan for maintenance purposes.29  It is believed that the 
reinstitution of a traditional protective surface membrane that is compatible with the 
masonry will greatly improve the current conditions of the chapel, reinstate its historical 
appearance, and potentially revive an almost forgotten technology. 
The focus of this research was to analyze the composition and to evaluate the 
properties of argamasa as a traditional exterior water-resistant masonry surface finish in 
order to determine its potential as a restoration material and an appropriate alternative to 
unsympathetic contemporary repairs.  In order to properly characterize and assess the 
performance of argamasa, the investigation was divided into the following sections: 
material use and function, analysis and evaluation of existing materials, mortar 
fabrication and laboratory testing.  Figure 1.15 diagrams the entire research process.  
 A survey of the material’s use and function and the analysis of existing materials 
provided the necessary framework for the production, testing, and analysis of mortar in 
the laboratory.  The mortars, having been fabricated according to standard tests and cured 
for 90 days, were tested in the non-cured and cured state for various physical, chemical, 
and mechanical properties.  Due to time constraints, only properties of non-cured 
mortars, which include flow, stiffness, shrinkage, cracking, carbonation, and early shear 
strength, were tested and evaluated in this phase of the research.  The total performance 
of the mortar and its potential use as a restoration material can only be evaluated once 
testing of the cured properties is completed in future research. 
29 John Stewart, Richard Glover, John Houston, Nigel Seeley, and Trevor Proudfoot, “Field and Laboratory 
Assessment of Lime-Based Mortars,” Journal of Architectural Conservation 7, no.1 (March 2001): 10. 
  12 
   Figure 1.1:  Aerial of Old San Juan and San José Church. (Pantel, del Cueto, and 
   Associates) 
   Figure 1.2:  San José Church, south façade. (Pantel, del Cueto, and Associates) 
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Figure 1.3: (above) Rosario Chapel,    
ca. 1950s. (Archdiocese of San Juan 
Image Collection) 
Figure 1.4: (left) Rosario Chapel roof. 
(Pantel, del Cueto, and Associates)
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          Figure 1.5:  Main sanctuary of San José Church, ca. 1930s. 
          (Library of Congress) 
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       Figure 1.6:  Rosario Chapel interior. (Pantel, del Cueto, and 
       Associates) 
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   Figure 1.7:  Rosario Chapel dome, ca. 1930s (left, Library of Congress) and ca. 2005 (right, Verhosek) 
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          Figure 1.8:  Exposed argamasa on the Rosario Chapel  
          masonry dome, 2005. (Verhosek) 
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   Figure 1.9: Exposed argamasa (finish coat) on the Rosario Chapel masonry dome, 
   2006. (Pantel, del Cueto, and Associates) 
   Figure 1.10: Exposed argamasa on the Rosario Chapel masonry dome, 2006.  
   (Pantel, del Cueto, and Associates) 
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Figure 1.11: (left) Deterioration of paint 
and single-ply roof membrane. Note 
biogrowth, peeling, cracking, and flaking. 
(Verhosek) 
Figure 1.12: (below) Deterioration of 
paint and single-ply roof membrane. Note 
biogrowth, peeling, cracking, and flaking. 
(Verhosek) 
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   Figure 1.13:  Full scale mock-up of traditional argamasa as a restoration mortar.  
   (Pantel, del Cueto, and Associates) 
   Figure 1.14:  Full scale mock-up of traditional argamasa as a restoration mortar.  
   (Pantel, del Cueto, and Associates) 
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CHAPTER 2 - LIME-CRUSHED BRICK MORTARS 
2.1 INTRODUCTION
 The history of mortars composed of lime putty and crushed brick date back 
approximately 3,000 years.  The versatility and desired properties of the material have 
resulted in a wide range of architectural use from bedding mortars to renders covering 
every structural and non-structural component of a building.  Regardless of time, policy, 
or cultural ideals, the availability of materials and the knowledge of skilled craftsmen 
ultimately determine what building techniques were utilized in any given region.  This 
particular building technology spread throughout western civilization due in large part to 
the once vast Roman Empire.  Masons in the British Isles, Asia Minor, and the Iberian 
Peninsula retained the traditional methods first developed by the Romans.  It was then 
that countries like Spain brought this technology to their colonies in the New World. 
2.2 COCCIOPESTO
Lime-crushed brick mortars have assumed many names depending on the country 
of origin and their function.  What the ancient Romans referred to as opus signinum30 is a 
hydraulic mortar comprised of lime and pulverized tile or brick later called cocciopesto in 
Italy and argamasa in Spain.
In recent years, extensive research has been conducted on cocciopesto in historic 
structures from ancient times to the Renaissance, where the material was applied as a 
30 Marion Elizabeth Blake, Ancient Roman Construction in Italy from the Prehistoric Period to Augustus,
Carnegie Institution of Washington 570 (New York: Kraus Reprint, 1968): 322-323.  
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surface coating to every part of a wall system vulnerable to moisture infiltration.31  In use 
since the 2nd century BCE during the Imperial Period of the Roman Empire, cocciopesto
was applied as an impermeable rendering in cisterns and the exposed exterior surfaces of 
vaults and as a setting bed for paving materials in road surfaces.32
The ancient Romans understood that both naturally occurring volcanic ash and 
artificially manufactured crushed brick and tile imparted hydraulic properties to a non-
hydraulic lime putty mortar.  The accessibility and reuse of fragmented or discarded brick 
and clay tile and their diverse range of application made it a favored material among 
masons, which resulted in the incorporation of cocciopesto in all parts of the empire.33
2.3 HISTORICAL USE OF CRUSHED BRICK IN LIME MORTARS
 Although lime-crushed brick mortars have been used at some point in history in 
every region of western culture, there are specific periods of time that define the 
significance of the material.  In ancient times, the Romans not only developed the mortar 
technology, but transformed lime-crushed brick mortars into a viable material.  During 
the Renaissance, a renewed interest in Antiquity revived the use of lime-crushed brick 
mortar technology, which had been forgotten for several centuries.  In the 18th century, 
scientists began to study the components that impart hydraulic properties including 
31 R. Bugini, A. Salvatori, Geraldo Capannesi, et.al., “Investigation of the Characteristics and Properties of 
‘Cocciopesto’ from the Ancient Roman Period,” in Conservation of Stone and Other Materials: 
Proceedings of the International RILEM/UNESCO Congress ‘Conservation of Stone and Other Materials: 
Research-Industry-Media’ held at UNESCO Headquarters, Paris, June 29-July 1, 1993, edited by M. J. 
Thiel (London: E. & F.N. Spon Ltd., 1993): 387. 
32 Lynne Lancaster, Concrete Vaulted Construction in Imperial Rome: Innovations in Context (New York:  
Cambridge University Press, 2005): 58.
33 Bugini, “Investigation of the Characteristics and Properties of ‘Cocciopesto,’” 387. 
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artificial additives like brick.34  The 20th century brought about a new use for the ancient 
technique as a restoration repair material.  Conservators have done extensive research in 
the past 50 years to understand why the material was used, how it was used, and the 
chemistry of hydraulic set. 
Traditional lime-sand mortars have been a primary construction material for 
centuries, where evidence of calcareous binders were identified in modern day Turkey 
and Palestine dating as far back as 12,000 BCE.35  During the reign of King Solomon, ca. 
1000 CE, the Phoenicians mixed lime with pounded earthenware to be used as a render in 
the construction of water reservoirs.  They recognized that fired clays and crushed 
ceramics would impart hydraulic properties on pure lime mortars.36
It was the ancient Romans, whose empire dated from approximately 600 BCE to 
550 CE and extended from the British Isles in the north, the Iberian Peninsula to the west, 
Asia Minor to the east, and northern Africa to the south, who not only perfected the 
fabrication and application of lime-brick mortars, but carried the building technology to 
every corner of the Roman Empire.37  The Romans combined traditional techniques and 
innovation where kiln-fired bricks, already manufactured and available in many places, 
were added to a traditional lime-sand mortar to produce a higher quality material.38
Evidence of the use of lime-crushed brick mortars, or cocciopesto, have survived through 
manuscripts and remaining structures of the ancient empire. 
34 Louis Joseph Vicat, Mortars and Cements, 1837, reprinted edition with introduction by Michael Wingate 
(Dorset, England: Donhead Publishing, 1997): Introduction. 
35 Kerstin Elert, Carlos Rodriguez-Navarro, Eduardo Sebastian Pardo, Eric Hansen, and Olga Cazalla, 
“Lime Mortars for the Conservation of Historic Buildings,” Studies in Conservation 47, no. 1 (2002): 62. 
36 G. Baronio, L. Binda, and N. Lombardini, “The Role of Brick Pebbles and Dust in Conglomerates based 
on Hydrated Lime and Crushed Bricks,” Construction and Building Materials 11, no. 1 (1997): 34. 
37 Frank Edward Brown, Roman Architecture (New York: G. Braziller, 1961): 2-5. 
38 William Lloyd MacDonald, The Architecture of the Roman Empire, vol. 1 (New Haven, Yale University 
Press, 1982): 157. 
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The earliest known architectural treatise to document the use of brick in lime 
mortars is the Ten Books on Architecture by Marcus Vitruvius.  Written in the 1st century 
BCE, Vitruvius suggested that “burnt brick, pounded up and sifted, will make your 
mortar a better composition to use.”39  For stuccowork in damp areas, Vitruvius 
recommended “apply[ing] a rendering coat of mortar, mixed with burnt brick instead of 
sand.”40  In the 1st century CE, Caius Plinius Secundus, or Pliny the Elder, reiterated the 
guidelines noted by Vitruvius, in his manuscript, Natural History.  Pliny stated that the 
quality of lime-sand mortars improved if “crushed potsherds” or pounded brick were 
added.41  In addition, “buildings exposed to damp or erected in a locality where they may 
be affected by moisture from the sea may be given an undercoat of plaster made from 
pounded potsherds.”42  Both Vitruvius and Pliny recorded recipes for lime-crushed brick 
mortars which are discussed in greater detail in Section 3.3.1.   
Evidence of lime-crushed brick mortars are found in the ruins of the Roman 
Empire from renders in cisterns and baths to structural joinery in wall systems and roofs.  
Historic mortar analysis by conservators and material scientists has confirmed the use of 
lime-crushed brick mortars in various locations including: the Basilica of San Lorenzo in 
Milan,43 the lining of aqueducts outside of Rome, the baths at Hadrian’s Villa, and 
ancient structures in the city of Herculaneum.44  This building material has been 
identified in areas far outside of Rome; the most prominent example being Hadrian’s 
39 Marcus Vitruvius, Ten Books on Architecture, Book 2, translated by Morris Hickey Morgan (New York: 
Dover Publications Inc, 1960): 45. 
40 Virtruvius, Ten Books on Architecture, Book 7, 208. 
41 Pliny, the Elder, Natural History, Book 10, translated by D. E. Eichholz (Cambridge, Massachusetts: 
Harvard University Press, 1952): 139. 
42 Pliny, Natural History, Book 10, 139. 
43 C. Sabbioni, A. Bonazza, and G. Zappia, “Damage on Hydraulic Mortars: The Venice Arsenal,” Journal 
of Cultural Heritage 3, no. 1 (Jan-Mar 2002): 84. 
44 Bugini, “Investigation of the Characteristics and Properties of ‘Cocciopesto,’” 386. 
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Wall.  Located near the modern day England and Scotland border, the seventy-three mile 
stone and rubble wall was built in the 2nd century CE to protect the outer limits of the 
Roman territory.45  In constructing the wall, Romans typically mixed lime mortars with 
artificial pozzolanas in the form of “finely ground fired clay products.”46
What began as a part of the Roman Empire in Asia Minor, Byzantium emerged 
with the establishment of Constantinople in the 4th century CE and continued until the 
invasion of the Ottoman Turks in the 15th century.  The architecture of the Byzantine 
Period was influenced by Imperial Rome and in turn set a precedent for western 
European construction.  Walls, arches, vaults and domes were constructed almost 
exclusively of brick, and mortars consisted of lime, sand, crushed brick, and pebbles.47
The architecture of the early Byzantine Period (ca. 100 CE - 600 CE) was defined by the 
construction of the Hagia Sophia beginning in 532 CE, and its subsequent reconstructions 
as a result of earthquake damage in 542 CE and 557 CE.  The brick masonry dome, 
which spans approximately 100 feet, consisted of lime-crushed brick mortars.48
The decline and fall of the Roman Empire in the 6th century CE may have ended 
the spread of Roman culture and technology, but not before their customs and crafts were 
firmly assimilated into most local cultures.  Advances in the technology of hydraulic lime 
mortars would not occur for another thirteen centuries, but the manufacture of lime-
crushed brick mortars, although not widespread, did continue through the Middle Ages.  
45 D.L. Rayment and K. Pettifer, “Examination of Durable Mortar from Hadrian’s Wall,” Materials Science 
and Technology 3, (December 1987): 999. 
46 Rayment, “Examination of Durable Mortar from Hadrian’s Wall,” 1000. 
47 Cyril Mango, Byzantine Architecture (New York: H. N. Abrams, 1976): 9, 14. 
48 Richard Livingston, P.E. Stutzman, R. Mark, and M. Erdik, “Preliminary Analysis of the Masonry of the 
Hagia Sophia Basilica, Istanbul,” in Materials Issues in Art and Archaeology III: Symposium held April 27-
May 1, 1992, San Francisco, California by Materials Research Society Symposia Proceedings, v. 267, 
edited by Pamela Vandiver, James  Druzik, George Segan Wheeler, and I.C. Freestone (Pittsburgh, PA:  
Materials Research Society, 1992): 721-722. 
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In 13th century England, lime mixed with sand or pounded tiles could be purchased for 
use.49
The Renaissance revived the traditions of the Roman Empire.  With the discovery 
and translation of Vitruvius’ Ten Books on Architecture, master builders were able to 
critically analyze the architecture of Antiquity including: the classical orders, theories of 
proportions, and building technology.  The architecture of the Renaissance was prolific 
often pushing the limits of design and construction and once again made Italy the center 
of artistic ingenuity.
The application of lime-crushed brick mortars during the Renaissance has been 
confirmed through historic architectural treatises and historic mortar analysis.  In the 15th
century, Leone Battista Alberti, having studied the works of Vitruvius and Pliny, wrote in 
his manuscript, The Ten Books of Architecture, that the addition of broken tile or pounded 
brick made lime-sand mortars “much more tenacious.” 50  In the 16th century, Andrea 
Palladio, whose work was concentrated in the northeastern region of modern day Italy, 
reiterated the lime mortar recipes of Vitruvius in his treatise, The Four Books on 
Architecture. 51  Palladio’s manuscript was followed by master builders of the Veneto 
region, particularly Venice, where a number of 16th and 17th century structures, consisting 
of lime-crushed brick mortars, are located.52
49 Alfred Denys Cowper, Lime and Lime Mortars, 1927, reprinted edition (Dorset, England: Donhead 
Publishing, 1998): 4-5. 
50 Leon Battista Alberti, The Ten Books of Architecture, Book 3, translated by James Leoni (New York: 
Dover Publications, 1986): 45. 
51 Andrea Palladio, The Four Books on Architecture, Book 1, translated by Robert Tavernor and Richard 
Schofield (Cambridge, Massachusetts: MIT Press, 1997): 9. 
52 A. Bakolas, R. Bertoncello, Guido Biscontin, et.al., “Chemico-physical Interactions Among the 
Constituents of Historical Walls in Venice,” in Materials Issues in Art and Archaeology IV: Symposium 
held May 16-21, 1994, Cancun, Mexico by Materials Research Society Symposia Proceedings, v. 352, 
edited by James Druzik, et. al (Pittsburgh, PA: Materials Research Society, 1995): 771-772. 
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The Renaissance, which began in Italy, did eventually spread to other parts of 
Europe.  By the 16th and 17th centuries, architectural treatises of ancient Rome and the 
Renaissance had been translated into Spanish.53  It was the Spaniards who carried this 
building technology to their colonies in the Americas.  
Advances in mortar technology occurred in the 18th century where engineers John 
Smeaton in England and Louis Joseph Vicat in France conducted experiments on mortars 
and evaluated their hydraulic properties.  Scientific experiments led to the discovery that 
clays or reactive silicates, whether occurring naturally in limestone or as an ingredient in 
a mortar mix, incurred hydraulic properties in traditional lime-sand mortars.  Smeaton 
used hydraulic lime mortars in the construction of the Eddystone Lighthouse in Devon, 
England in the mid-18th century.54  Vicat continued the research on limes containing 
clays, volcanic ash, and brick.  He stated that brick was an unreliable material to use.  
Depending on the temperature at which it was prepared, the mortar could produce 
satisfactory to mediocre results.55  The redevelopment of natural hydraulic mortars based 
on Smeaton’s and Vicat’s research eventually led to the discovery of Portland cement in 
the early 19th century.
Even though Portland cement quickly became a popular construction material, the 
tradition of lime-crushed brick mortars continued well into the late 19th century.  In 1872, 
the Spanish used “in place of hydraulic mortar, common brick-dust, made from very 
hard-baked brick, finely ground and mixed with ordinary lime and sand.”56  The Spanish 
53Almyr Alba, Architectural Exterior Finishes in the Spanish Caribbean, Case Studies: San Geronimo and 
Santa Elena Powder Magazines (Master Thesis, University of Pennsylvania, 1995): 4-8.
54 Cowper, Lime and Lime Mortars, 6-7.  
55 Vicat, Mortars and Cements, 49-50, 62. 
56 “Hydraulic Mortar of Brick-Dust,” Manufacturer and Builder 4, no. 7 (July 1872): 166. 
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introduced their traditions to the colonies in Americas and the Caribbean including: 
Mexico, Cuba, the Dominican Republic, and Puerto Rico.  An extensive study was 
conducted in the 1990s on the historic 16th century structure Castillo de San Felipe del 
Morro in San Juan, which was built and maintained during the Spanish occupation of 
Puerto Rico (ca. 1539-1898).  It was determined that lime-crushed brick mortars were 
among the various mortars used at the fort.  The research concluded that the samples 
analyzed were produced in the early 19th century, but overall, there was little variation in 
mortar composition in the 350 years of construction history at the fort.57
In the 20th century, the introduction of Portland cement as a construction material 
diminished the production of lime based mortars in western culture, and made the ancient 
technique obsolete in a few short generations.58  By the mid-20th century, cement mortars 
were used as a restoration material in historic structures.  Perceived as a superior material 
to lime mortars, Portland cement’s properties of high strength, durability, and 
impermeability caused the masonry in historic structures to deteriorate at a faster rate.59
Over the past fifty years, opinion among conservators has favored utilizing traditional 
materials in restorations for their physio-chemical compatibility to historic structures.  
Current research and development of lime-crushed brick mortars has given a renewed 
attention to the material first used over 3,000 years ago. 
57 Judith Jacob and Gregory Cavallo, “Masonry Mortars in the Castillo de San Felipe del Morro, San Juan, 
Puerto Rico: A Method for Categorization,” in Conservation of the Iberian and Latin American Cultural 
Heritage: Preprints of the Contributions to the IIC Madrid Congress, 9-12 September 1992, edited by 
H.W.M. Hodges, John Mills, and Perry Smith (London: International Institute for Conservation of Historic 
and Artistic Works, 1992) 73-74. 
58 Teresa Diaz Goncalves, “Compatible Renders for the Conservation of Ancient Buildings,” in Compatible 
Materials for the Protection of European Cultural Heritage, PACT 55, Vol. 1 edited by G. Biscontin, A. 
Moropoulou, M. Erdik, and J. Delgado Rodrigues (Athens: Technical Chamber of Greece, 1998) 30-31. 
59 Scottish Lime Centre, Preparation and Use of Lime Mortars (Edinburgh: Historic Scotland, 2003): 1-2. 
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2.4 HYDRAULIC PROPERTIES
 Lime-crushed brick mortars are composed of pure lime (binder), sand (aggregate), 
and crushed or pulverized brick (additive).  Traditional lime-sand mortars are non-
hydraulic, and the addition of brick dust may impart hydraulic properties.  Pure lime is 
produced from limestone with less than 5% dolomite (magnesium carbonate, 
MgCa(CO3)).  It is classified as high calcium lime or pure calcium hydroxide for its lack 
of impurities or clay content.  Limestone with a magnesium carbonate content above 20% 
is referred to as impure or dolomitic lime.  Dolomitic limes are often used in 
construction; however, are not preferred for conservation purposes.60
High calcium limes come in the form of a wet lime putty or a dry hydrate powder.  
Lime mortars harden and strengthen through the process of carbonation when the soluble 
particles of slaked lime (calcium hydroxide, Ca(OH)2) are converted into insoluble calcite 
(calcium carbonate, CaCO3) in the presence of water and carbon dioxide.61  Figure 2.1 
illustrates the process of making lime.  Pure lime-sand mortars are the most unpredictable 
of all mortar mixes.  If prepared and cured properly by experienced craftsman, strong, 
durable mortars will be produced.  However, inconsistent preparation, poor workability, 
slow set, and long curing times make lime-sand mortars an unreliable material.62
 As previously noted, the addition of certain natural and artificial elements may 
impart hydraulic properties to a non-hydraulic mortar; therefore, improving the overall 
quality of the material.  A mortar’s hydraulicity is its ability to set and harden in the 
60 Elert, “Lime Mortars for the Conservation of Historic Buildings,” 62. 
61 Elert, “Lime Mortars for the Conservation of Historic Buildings,” 68. 
62 S. Peroni, C. Tersigni, G. Torraca, et.al., “Lime Based Mortars for the Repair of Ancient Masonry and 
Possible Substitutes,” in Mortars, Cements, and Grouts Used in the Conservation of Historic Buildings: 
Symposium, November 3-6, 1981, Rome Italy edited by ICCROM (Rome: ICCROM, 1982): 65-66. 
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presence of high amount of moisture.  When materials consisting of active alumina-
silicates are “mixed with lime and water, a series of hydrated calcium aluminates and 
silicates are produced which are responsible for the hydraulic properties” creating a 
cementitious material. 63  The ancient Romans pioneered the original hydraulic lime 
mortar with the incorporation of volcanic ash referred to as pozzolana.  Pozzolanas were 
first used extensively in the area of Puzzuoli, Italy, hence the name. 64  Today, the term 
refers to any material consisting of alumina and silica that reacts with pure lime, 
including various sands, soils, and clays, to form hydrated calcium aluminates and 
silicates.
Mortars that could set and gain strength in high moisture without the exchange of 
water and carbon dioxide were highly desirable materials.  Mortars known as Roman 
cement, “set slowly, attained a much higher ultimate strength when cured in water than 
air, and became extremely hard.”  The hydraulic setting reaction of Roman cement is 
shown below.65
CaO + [SiO2 · Al2O3] + H2O                    Ca3Si2O7 · 3H2O                    C-S-H 
         hydrate   (calcium silicate hydrate) 
           Ca3Al2O6 · 6H2O                      C3AH6
        (calcium aluminates hydrate) 
      Ca(OH) 2                    CH 
        (calcium hydroxide) 
63 Lechtman, “Roman Concrete,” 89. 
64 Geoffrey Boffey and Elizabeth Hirst, “The Use of Pozzolans in Lime Mortars,” Journal of Architectural 
Conservation 5, no. 3 (1999): 34. 
65 Lechtman, “Roman Concrete,” 88-89, 94. 
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A major constituent of bricks are fired clays, when mixed into a traditional lime-
sand mortar, do enhance the hydraulic set.  Several factors determine the quality of the 
mortar including the manufacture of the brick and particle size distribution where “one 
could create mortars with intrinsically different characteristics simply by choosing 
different qualities or quantities.”66  In the last ten years, a collaborative effort between 
English Heritage and the International Center for the Study of the Preservation and 
Restoration of Cultural Property (ICCROM) known as the Smeaton Project has critically 
examined the properties of lime-crushed brick mortars.  The research has concluded that 
certain ranges of particle sizes of brick affect different properties of mortar.  Brick dust 
(<75µm) fired at low temperatures (below 950°C) react with the lime creating a hydraulic 
mortar, improving set time, strength, and durability.  Brick fragments (>300 µm) act as a 
“porous particulate” increasing porosity and permeability and improving carbonation and 
resistance to salts and freeze/thaw cycles.67
2.5 ANALYSIS OF HISTORIC MORTARS IN PUERTO RICO
 The analysis and evaluation of existing mortars began with a site visit to San 
Juan, Puerto Rico in October 2005 where twelve samples were removed from San José 
Church.  Mortar samples from two historic sites in Puerto Rico were provided by the 
Architectural Conservation Laboratory at the Polytechnic University of Puerto Rico.  Of 
the sixteen samples collected, four were selected based on material use, location, and 
appearance.  Table 2.1 contains a description of the samples that were tested and 
analyzed to determine material composition.   
66 Bugini, “Investigation of the Characteristics and Properties of ‘Cocciopesto,’” 387. 
67 Teutonico, “The Smeaton Project,” 41-42. 
  33 
The samples from the Rosario Chapel (RC-01 and RC-02) are the finish coat and 
scratch coat of the argamasa currently located on the dome.  The mortar samples from 
Casa Caminero (RC-14) and Asilo de Niñas (RC-16) are both believed to be original 19th
century materials.  Appendix C contains a complete list of mortars samples compiled for 
this project and their descriptions. 


























RC-14 argamasa roof parapet ~ Casa Caminero 1870s  
RC-16 argamasa roof parapet 08/28/00 Asilo de Niñas 1880s 
2.5.1 METHODOLOGY
 According to RILEM “Investigative Methods for the Characterization of Historic 
Mortars,” various tests may be conducted to determine the mineralogical and chemical 
characteristics of mortars.  The guidelines set forth by RILEM are based on a compilation 
of a variety of reliable sources and were the most comprehensive and concise list found 
of common testing methods. 
The mineralogical and petrographic analysis of mortars include: x-ray diffraction 
(XRD), optical microscopy, scanning electron microscopy (SEM), energy dispersive 
spectroscopy (EDS), thermogravimetry (TG), differential thermal analysis (DTA), 
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differential scanning calorimetry (DSC), and infra-red spectroscopy (IR).68  A summary 
of each test is as follows:  
X-ray Diffraction (XRD) 
XRD identifies crystalline structures and inorganic additives and can differentiate 
between binders and aggregates within a mortar. 
Optical Microscopy 
Optical microscopy is used to identify the microstructure of the mortar including pores, 
voids, micro-cracks, and apparent porosity, as well as identifying aggregates, additives, 
and hydraulic phases.  It can also be used to identify the mineralogical composition of the 
aggregate with the use of polarized light.
Scanning Electron Microscopy (SEM)/ Energy Dispersive Spectroscopy (EDS)
SEM and EDS can determine the microstructure, surface topography, and elemental 
composition of a mortar sample. 
Thermogravimetry (TG) 
TG identifies the percentage of compounds in a mortar sample through weight loss due to 
heat gain. 
68 B. Middendorf, J.J. Hughes, K. Callebaut, G. Baronio, and I Papayianni, “Investigative Methods for the 
Characterization of Historic Mortars – Part 1: Mineralogical Characterization,” in RILEM TC 167-COM: 
Characterization of Old Mortars with Respect to their Repair, Materials and Structures 38, no. 282 
(October 2005):  761-769. 
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Differential Thermal Analysis (DTA)/ Differential Scanning Calorimetry (DSC) 
DTA and DSC identify the percentage of compounds in a mortar sample without weight 
loss due to heat gain. 
Fourier Transform Infra-Red Spectroscopy (FTIR) 
FTIR identifies minerals and organic additives in mortars using infra-red energy. 
The wet chemical analysis of mortars or gravimetric analysis through acid 
digestion is used to separate components in order to determine aggregate size 
distribution, soluble salt content, organic content, binder to aggregate ratio, and 
characterization of fine particles.69
Based on the RILEM recommendations and availability of equipment, the 
following tests were conducted: gravimetric analysis through acid digestion, XRD, and 
optical microscopy.  The combination of these tests was used to determine binder to 
aggregate ratios, particle size distribution, mineral composition, particle shape and color, 
clay content, pozzolanic materials, and microstructure. 
2.5.2 GRAVIMETRIC ANALYSIS 
 Prior to acid digestion, a visual examination was conducted on the gross samples 
where surface appearance, color, hardness, and texture were noted.  For the gravimetric 
analysis, the samples were prepared according to guidelines by Jeanne Marie 
69 B. Middendorf, J.J. Hughes, K. Callebaut, G. Baronio, and I Papayianni, “Investigative Methods for the 
Characterization of Historic Mortars – Part 2: Chemical Characterization,” in RILEM TC 167-COM: 
Characterization of Old Mortars with Respect to their Repair, Materials and Structures 38, no. 282 
(October 2005):  771-780. 
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Teutonico.70  Samples were crushed using a marble mortar and pestle and placed in a 
14% solution of hydrochloric acid.  Once the acid soluble fractions were dissolved, the 
remaining coarse and fine fractions were separated, dried, and sieved.  The aggregate 
particle size distribution, shape, and color were recorded, and the binder to aggregate 
ratio, based on weight and volume, was determined.  All data collected for each sample 
as a result of the gravimetric analysis are located in Appendix D.  
 Gravimetric analysis is one procedure that can aid in characterizing and dating a 
material when no written documentation is provided as was the case with the samples in 
this research project.  The two samples from the Rosario Chapel dome (RC-01 and RC-
02) were soaked in an acid bath, separated, dried, and sieved.  The soluble fraction in 
each sample took over 48 hours to properly dissolve, which was more than double the 
suggested time.  This implied the use of either large amounts of lime or maritime 
(calcareous) sand.  The finish coat (RC-01) had an approximate binder: aggregate ratio 
(by volume) of 1:3 and the scratch coat (RC-02) was 1:4.  A higher percentage of 
aggregate was used in the scratch coat, which was typical in the application of argamasa.
A visual assessment of the coarse aggregate sieve analysis indicated the presence of 
crushed brick, gravel, sand, and magnetite.  The quartz and black magnetite suggested the 
possible use of river sand.  The gravel or crushed limestone was a common material used 
in concrete and suggests a 20th century construction date.
 The argamasa from Casa Caminero (RC-14) had an approximate binder: 
aggregate ratio (by volume) of 1:1.5.  The aggregate was composed of crushed brick, red 
pebbles, sand, and mica.  The sample from Asilo de Niñas (RC-16) had an approximate 
70 Jeanne Marie Teutonico, A Laboratory Manual for Architectural Conservators (Rome: ICCROM, 1998): 
113-116. 
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binder: aggregate ratio (by volume) of 1:1.7.  The aggregate was composed primarily of 
crushed brick and sand. 
2.5.3 X-RAY DIFFRACTION
The powdered fines of each sample, taken from the gravimetric analysis after acid 
digestion, were used for XRD analysis and conducted at the Laboratory for Research on 
the Structure of Matter (LRSM) at the University of Pennsylvania’s Materials Research 
Science and Engineering Center.  Based on the results, the chemical composition of the 
mortar samples (RC-02, RC-14, and RC-16) was identified.  All data collected for each 
sample as a result of XRD analysis are located in Appendix E.
In summary, all of the mortar samples tested contained varying amounts of calcite 
(lime) and quartz (silica sand).  The samples also contained the mineral albite 
(NaAlSi3O8), which is a sodium feldspar clay used in ceramics to bind kaolin and 
quartz.71  Furthermore, the mortars contained various hydrated calcium aluminates and 
silicates or pozzolanic materials produced as a result of the calcination process.  The 
Rosario Chapel sample (RC-02) contained trace amounts of aluminian diopside 
(Ca(Mg,Al)(Si,Al)2O6).  The Casa Caminero sample (RC-14)  was composed of 
tricalcium aluminate (Ca3Al2O6), aluminian diopside (Ca(MgAl)(SiAl)2O6), and 
magnesiohornblende (Ca2[(Mg,Fe2+)4Al](Si7Al)O22(OH)2).  The Asilo de Niñas sample 
(RC-16) contained trace amounts of ferroactinolite (Ca2Fe5Si8O22(OH)2).  
71 S. Ferrari and A.F. Gualtieri, “The Use of Illitic Clays in the Production of Stoneware Tile Ceramics,” 
Applied Clay Science 32, no.1-2 (April 2006): 74. 
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2.5.4 OPTICAL MICROSCOPY
Thin sections were prepared from gross samples of each mortar at the Mineral 
Optics Laboratory in Wilder, Vermont, and were used for microscopic analysis.  The 
samples were impregnated with a blue epoxy resin for the purpose of detecting pores, 
voids, and cracks.  Half of the sample was stained with Alizarin Red S in order to identify 
calcite.  Microscopic analysis was conducted to identify mineral composition, aggregate 
grading and sorting, and pore and particle size distribution and shape.  Photomicrographs 
were taken of each thin section illuminated with reflected light and polarized light and are 
located in Appendix F.  
 The Rosario Chapel samples (RC-01 and RC-02) contained poorly graded and 
poorly sorted aggregates composed of crushed brick, gravel, and sand.  The larger 
particles were angular in shape and composed primarily of gravel and crushed brick.  The 
sand was composed predominantly of calcitic bioclasts of rounded shape as well as 
quartz and magnetite.  These samples were more porous than the other samples (RC-14 
and RC-16) with some evidence of micro-cracking. 
 The Casa Caminero sample (RC-14)  contained aggregates composed of well-
graded and well-sorted crushed brick.  The low amounts of sand were composed of 
angular quartz.  The sample was overall less porous and denser then the other three 
samples. 
 The Asilo de Niñas sample (RC-16) was composed of crushed brick fragments 
and sub-angular to sub-rounded milky quartz sand.  The sample’s aggregates were 
moderately graded and sorted.  It was more porous and less dense than the Casa 
Caminero sample (RC-14). 
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2.5.5 DISCUSSION OF RESULTS
 Based on the combined results of the gravimetric analysis, XRD, and microscopy, 
basic physical and chemical properties of the samples were characterized.  The results of 
the Rosario Chapel samples (RC-01 and RC-02) revealed that the argamasa currently on 
the dome does not appear to be traditional according to historic formulations.  The low 
brick content and use of gravel suggests a date of application in the mid to late 20th
century.  The calcite indicated in the XRD analysis and the Alizarin Red S stain in the 
thin sections confirms the use of lime as a binder.  Furthermore, the XRD analysis 
identified albite as a major component confirming the use of low-fired crushed bricks.  
The microscopic analysis of the sand confirmed the use of maritime or beach sand in the 
Rosario Chapel samples (RC-01 and RC-02).  Maritime sand is composed primarily of 
bioclasts making it susceptible to dissolution in the gravimetric analysis.  Since much of 
the sand dissolved with the binder, the weight and volumetric ratios of RC-01 and RC-02 
are inconclusive.
The test results confirmed that the Casa Caminero sample (RC-14) and the Asilo 
de Niñas sample (RC-16) were composed of lime as a binder, silica sand (quartz), and 
low-fired crushed brick (albite) as a pozzolanic additive.  The small variance in binder: 
aggregate ratio (RC-14, 1:1.5 and RC-16, 1:1.66) suggested that the mortars were used as 
a finish layer.  These mortars conform to the historic formulations recorded for 
argamasa.
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   Figure 2.1:  Lime Cycle. (Verhosek)
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CHAPTER 3 - MATERIALS AND METHODOLOGY 
3.1 INTRODUCTION 
This research explored the use of argamasa as a repair mortar for historic 
buildings.  Based on historical research, local building materials and techniques, and the 
identification of optimal performance properties, a testing program was developed to 
study the critical characteristics of lime-based mortars with crushed brick applied as a 
surface finish.  Ultimately, this research will form the basis in determining the material’s 
compatibility with the masonry at San José Church and similar historic structures.   
3.2 RESTORATION MORTARS
 Mortars serve different functions, from masonry unit joinery to stuccoes, 
providing a layer of protection against various deterioration mechanisms at the 
macroscopic and microscopic levels.  Mortars are the sacrificial component of any 
masonry system, where replacement of the material addresses the anticipated 
deterioration over time.  Historically, the continual maintenance of mortars was not only 
practiced, it was expected.72
Understanding the relationship between the mortar and masonry units is crucial to 
ensuring a proper restoration.  Ideally, mortars should employ materials and techniques 
consistent with the existing masonry structure.  The popularity of cement mortars as a 
repair material in the 19th and 20th centuries led to moisture retention, salt crystallization, 
72 Goncalves, “Compatible Renders for the Conservation of Ancient Buildings,” 29-31. 
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and excessive strength causing rapid deterioration of the historic fabric.73  The 
subsequent damage has forced conservators to investigate alternatives including 
revisiting the use of traditional materials. 
3.2.1 LITERATURE REVIEW
In an effort to prevent the adverse affects of inappropriate repairs, conservators 
have re-evaluated the composition of traditional mortars by surveying existing materials, 
monitoring the performance and decay of masonry systems, and analyzing the chemical, 
physical, and mechanical relationship between new mortars and historic materials and 
structural systems.  Focusing on the latter, a literature review was conducted on current 
conservation research of the past 25 years where lime-crushed brick mortars were 
replicated in a controlled environment and tested in the laboratory for the purposes of 
identifying desirable characteristics in restoration mortars.   
Regardless of their components, every restoration mortar should possess certain 
properties in order to ensure the longevity of the entire masonry system.  Ideal properties 
of lime-based mortars include the following:  good workability to ensure uniformity, a 
faster set time, low shrinkage, durability, good permeability and porosity, chemical and 
physical compatibility to the historic fabric, lower strength relative to the substrate, and 
good adherence to the masonry.74  The complete literature review is presented in 
Appendix G. 
Certain performance tests are conducted in order to identify the physical, 
chemical, and mechanical properties that address the characteristics mentioned above.  
73 Peroni, “Lime Based Mortars for the Repair of Ancient Masonry and Possible Substitutes,” 64-65.
74 Teutonico, “The Smeaton Project,” 33. 
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The properties are categorized according to tests conducted on non-cured mortars, cured 
mortars, and mechanical strength.  This is not an exhaustive list, but identifies critical 
properties that should be measured in the process of evaluating the predicted performance 
of replicated mortars. 
Mortars are tested in the fresh, non-cured state in order to ensure uniformity, 
proper setting, and hardening.  Table 3.1 provides a list of recommended tests for the 
physical and chemical properties of non-cured mortars.  The most important quality of a 
masonry mortar is workability, because of its influence on other properties in both the 
non-cured and cured states.  The workability of a mortar is defined by the plasticity of the 
mix.  High plasticity is a direct result of aggregate content and water retention capacity.75
A mortar that exhibits good workability will have a fast set time leading to a 
stronger material with an increased rate of carbonation and lower shrinkage.76
Ultimately, good workability of mortar is a result of good craftsmanship and knowledge 
of the material.  Unfortunately, there is no quantitative test for these qualities, and a large 
part of the process relies on skilled tradesmen. 77
75 Elert, “Lime Mortars for the Conservation of Historic Buildings,” 70. 
76 Teutonico, “The Smeaton Project,” 41-42. 
77 John Stewart, Richard Glover, John Houston, Nigel Seeley, and Trevor Proudfoot, “Field and Laboratory 
Assessment of Lime-Based Mortars,” Journal of Architectural Conservation 7, no. 1 (2001 March): 37. 
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During the curing phase, mortars stabilize and gain strength.  Table 3.2 provides a 
list of recommended tests for the physical properties of cured mortars.  Pure lime mortars, 
traditionally, have slow curing times.  An extended curing phase will allow the mortar to 
stabilize yielding better results;78 however, a longer curing period can subject mortars to 
damage from extreme climatic conditions as found in the tropics.  No standard range has 
been established for an appropriate length of cure.  Current research indicates that lime 
mortars in various projects were cured anywhere from 60, 90, and 120 days prior to 
testing.
Property tests in this phase include: porosity, water vapor permeability, salt 
crystallization resistance, frost resistance, and thermal expansion coefficient.  Porosity 
and permeability ensure proper transfer of air and water without burdening the material.79
Resistance to salts, frost, and thermal expansion is directly related to a mortar’s durability 
against exposure to the environment.80
78 A. Elena Charola and F.M.A. Henriques, “Lime Mortars: Some Considerations on Testing 
Standardization,” in The Use of and Need for Preservation Standards in Architectural Conservation edited 
by Lauren B. Sickels-Taves (West Conshohocken, PA: ASTM, 1999): 145. 
79 Peroni, “Lime Based Mortars for the Repair of Ancient Masonry and Possible Substitutes,” 72. 
80 Teutonico, “The Smeaton Project,” 33. 
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The mechanical properties of a mortar display its strength or the ability of a 
material to resist stress or strain induced by external forces.  Table 3.3 provides a list of 
recommended tests for the mechanical properties of a mortar.  Based on the literature 
review, a mortar’s strength is defined by its ability to withstand deformation or rupture 
under compression, bending (flexural), and tension (shear and bond).
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Conservation research on lime-based mortars with crushed brick usually resulted 
in data collected for a specific site.  However, certain generalizations can be ascertained 
for the purposes of this research project creating broad guidelines.  The consistency of a 
mortar is directly affected by its moisture content and a typical range for lime putty is 
15%-19%.81  Lime-crushed brick mortars should set within three days, although ten days 
is acceptable.82  Lime putty renders tend to crack after application; however, good 
workability can improve the mix.83  Monitoring shrinkage and moisture content in lime-
crushed brick mortars is critical in the prevention of cracking.  According to research 
conducted at the Structural Engineering Department at the Polytechnic University of 
Milan, shrinkage tends to be high at an early age, but stabilizes after 28 days where an 
average percent shrinkage of lime-based mortars was 0.5%.  As a result of this research, 
it was determined that the rate of carbonation of lime-crushed brick mortars is slow 
having adverse affects on the early strength of the mortar.84   However, the addition of 
more porous brick fragments may aid in the carbonation process.85
3.2.2 RECOMMENDED TESTING PROGRAM
The testing program for this investigation was based on the review of 
contemporary research over the last 25 years.  In order to ensure compatibility with the 
historic masonry dome, the argamasa, as an applied exterior surface finish, should 
exhibit good workability, consistency, low shrinkage, and a relatively fast set time in its 
81 Teutonico, “The Smeaton Project,” 38. 
82 Peroni, “Lime Based Mortars for the Repair of Ancient Masonry and Possible Substitutes,” 91. 
83 Goncalves, “Compatible Renders for the Conservation of Ancient Buildings,” 34. 
84 G. Baronio, L. Binda, and N. Lombardini, “The Role of Brick Pebbles and Dust in Conglomerates Based 
on Hydrated Lime and Crushed Bricks,” Construction and Building Materials 11, no. 1 (1997): 40. 
85 Teutonico, “The Smeaton Project,” 38. 
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non-cured state.  Given the harsh tropical climate of Puerto Rico, the argamasa should 
also possess good porosity for carbonation and subsequent desorption, low permeability, 
good adhesion to the masonry substrate, flexibility, and a uniform appearance.  Table 3.4 
lists the recommended tests for monitoring the properties mentioned.  It was determined 
that a 90-day curing phase would provide optimal results for the properties of cured 
mortars.  Due to time constraints, only the tests for non-cured properties and early 
strength were performed in this investigation. 




Set Time Stiffness 
Drying Shrinkage Shrinkage/ cracking 
Carbonation  Curing Rate 
Cured Mortars 
Water Absorption by 
Total Immersion 
Porosity and Saturation 
Coefficient 
Drying Index Drying rate 
Water Vapor 
Transmission Permeability
Salt Resistance Durability 
Splitting Tensile Shear strength 
3.3 CURRENT RESEARCH
In order to establish a compatible restoration mortar for the dome of the Rosario 
Chapel, the current research combined historical and contemporary research of mortar 
replication and testing using traditional materials.  Based on the literature, time 
constraints, availability of materials, and equipment, the physical, chemical, and 
mechanical properties of non-cured mortars that were tested included: consistency, set 
time, linear drying shrinkage, carbonation depth, and splitting tensile strength.  These 
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properties combined with future research on the properties of cured mortars will 
determine the appropriateness of lime-crushed brick mortars used as exterior surface 
finishes on the domes of San José Church and other structures in Puerto Rico.
3.3.1 MORTAR FORMULATIONS
 The mortar formulations developed for this research were based on historic 
manuscripts and contemporary research referencing non-hydraulic lime and crushed brick 
as primary materials.  Lime-crushed brick mortars have been in use since 1,000 BCE.  
Variations on formulas have occurred over time; however, all mortars are essentially 
based on two lime-sand-crushed brick ratios (by volume) of 1:2:1 and 1:3:1.  A 
representative list of mortar formulations based on historical and contemporary research 
is shown in Table 3.5, and the complete list is located in Appendix H.
In Vitruvius’ The Ten Books on Architecture, one of the oldest known treatises 
documenting the building technology of ancient Rome, mortars composed of river or sea 
sand were recommended to be used in combination with “burnt brick, pounded up, and 
sifted” in a lime-sand-crushed brick ratio (by volume) of 1:2:1.86  Pliny the Elder stated in 
his manuscript, Natural History, that when using lime and river or sea sand, crushed 
brick should be added in a ratio of 1:3:1.87  No significant change in recipes has occurred 
in over 2,000 years as documented in the writings of Renaissance architects, Alberti88 and 
Palladio,89 19th century Spain,90 and 20th century research conducted in England through 
86 Virtruvius, Ten Books on Architecture, Book 2, 45. 
87 Pliny, Natural History, Book 10, 139. 
88 Alberti, The Ten Books of Architecture, Book 3, 45. 
89 Palladio, The Four Books on Architecture, Book 1, 9. 
90 “Hydraulic Mortar of Brick-Dust,” 166. 
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organizations like the National Trust91 and English Heritage.92  Significant variations on 
mortar formulas occurred when sand was substituted completely with crushed brick.93
Table 3.5:  Historical Mortar Formulations 
Lime Sand  BrickSource Location Date Type 
(parts by volume) 
Manuscripts, Specifications, and Journals 




1 2 1 




1 3 1 
Masonry Bridge 




1859 Render 1 ~ 1 
Butcher’s Shop Cabo Rojo, 
Puerto Rico 
1872 Render 2 ~ 1 
Manufacturer 
and Builder 
Spain 1872 Mortar 1 2 1 
Mortar Analysis   


















Render 1 1.5 2.5 







1 2 1 
Smeaton Project/ 
English Heritage 
England 1990s General 1 3 1 
Based on historical documents, contemporary research, and the availability of 
materials, the lime-sand-crushed brick mortar formulations for this research was mixed in 
a ratio (by volume) of 1:2.5:1 as indicated in Table 3.6.  As previously noted, crushed 
91 Stewart, “Field and Laboratory Assessment of Lime-Based Mortars,” 11. 
92 Teutonico, “The Smeaton Project,” 40. 
93 Baronio, “The Role of Brick Pebbles and Dust in Conglomerates,” 38. 
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brick less than 75µm in size may determine a mortar’s hydraulicity and strength, whereas 
particles sizes greater than 300µm act as a porous particulates affecting porosity, 
permeability, and durability.94  To observe the potential difference in mortar 
performance, two sample sets of varying sizes of crushed brick were fabricated.  Particle 
sizes were related to potential use as scratch and finish coats on the masonry dome.  The 
lime mortar with finer brick particles ranged from 2360µm to <75µm.  The lime mortar 
with coarser brick particles ranged from 12500µm to <75µm.    The particle size 
distribution of the crushed brick is discussed in greater detail in section 3.3.2.4.
The lime-sand ratio remained constant and all materials were mixed by volume.  
As a control set, two sets of lime mortars with crushed limestone were fabricated 
matching the particle size distribution of the crushed brick.  A high calcium limestone 
was selected as an inert porous particulate, which would not react chemically with the 
lime producing a non-hydraulic mortar.     




















A 1 2.5 1       
B 1 2.5   1     
C 1 2.5     1   
D 1 2.5       1 
94 Teutonico, “The Smeaton Project,” 41-42. 
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3.3.2 MATERIALS
 The selection of materials used in this research was based on two main criteria.  
The first was that the materials reflected standard contemporary conservation research 
and practice.  The second was that the materials are commercially available in Puerto 
Rico.  The lime and sand remained constant for the duration of the experiments.  The 
crushed brick was added with two ranges of particle sizes.  For comparative purposes, 
crushed limestone, similar to the particle size range of the crushed brick, was added to the 
mix as an inert porous particulate.  A detailed list of manufacturers is located in 
Appendix P. 
3.3.2.1 LIME
 The binder used in this research was a high calcium lime putty provided by the 
National Park Service (NPS), San Juan National Historic Site.  The high calcium 
limestone, composed of approximately 97% lime (calcium carbonate, CaCO3), was 
extracted from a quarry in southern Puerto Rico, and calcined or burned to form 
quicklime (calcium oxide, CaO), and slaked or hydrated to form lime putty (calcium 
hydroxide, Ca(OH)2).
The quicklime was manufactured by Cemex Puerto Rico and the product data is 
located in Appendix I.  The quicklime was transformed into lime putty by Master Paint 
and Chemicals Corporation located in Guayanilla, Puerto Rico.  Refer to the reference 
map in Appendix A for the location of the site.  The lime putty was purchased by NPS in 
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2003 and slaked over a two year period during which time it was periodically “knocked 
up” or mixed, sealed in a plastic container, and stored in a cool, dry environment.95      
3.3.2.2 SAND
 The aggregate used in this research was a river sand from Isabela, Puerto Rico 
provided by the National Park Service, San Juan National Historic Site. (Figure 3.1)  
Refer to the reference map in Appendix A for the location of the site.  The sand was 
sieved, and the particle size distribution falls within an acceptable range based on ASTM 
C144-99 Standard Specification for Aggregate for Masonry Mortar as indicated in Table 
3.7.96  The sand is well-graded as illustrated in Graph 3.1.  A visual examination 
identifies it as a very pale brown sand (Munsell, 10YR 7/3) of sub-angular to sub-
rounded particle shape.97  Complete results of the sieve analysis are presented in 
Appendix I. 







as per ASTM 
C144 (%) 
8 94.01 95-100 
16 81.06 70-100 
30 63.39 40-75 
50 18.13 10–35 
100 1.43 2–15 
200 0.79 0–5 
Pan 0.22 ~ 
95 Edwin Colón Rios (masonry supervisor, National Park Service, San Juan National Historic Site) in 
discussion with the author, April 2006. 
96 American Society for Testing of Materials, “C144-99 Standard Specification for Aggregate for Masonry 
Mortar,” Annual Book of ASTM Standards, Vol. 04.05 (West Conshohocken, PA, ASTM 2000): 1. 
97 Munsell Soil Color Charts, Revised Washable Edition (New Windsor, NY: Munsell Color, 2000). 
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 After two years of storage at the National Park Service, San Juan National 
Historic Site, the lime putty was combined with the Isabela sand creating “coarse stuff.” 
(Figure 3.2)  The lime and sand was mixed in a pan roller mill in a ratio (by volume) of 
1:2.5.  The coarse stuff was stored in a sealed container in a dry, cool environment for six 
months.98
3.3.2.4 CRUSHED BRICK 
 The crushed brick used in this experiment was composed of recycled brick from 
various historic forts in San Juan.  (Figure 3.3)  An exact date of construction and firing 
98 Edwin Colón Rios (masonry supervisor, National Park Service, San Juan National Historic Site) in 
discussion with the author, April 2006. 
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temperature could not be determined.  From a visual assessment of the material, it can be 
inferred that the bricks were low-fired and manufactured in Puerto Rico prior to the U.S. 
occupation of 1898.99
The bricks, provided by the National Park Service, San Juan National Historic 
Site, were crushed and sieved in screen sizes corresponding to U.S. Sieve Number 4 to 
400.  The particle sizes ranged from 12,000µm (1/2-inch fragments) to 37µm (dust).  The 
brick particles are sub-rounded to rounded and red in color (Munsell, 2.5YR 5/8).100  The 
brick is composed mainly of silicates and aluminates.  Based on XRD analysis conducted 
at the Laboratory for Research on the Structure of Matter, the chemical composition, is 
primarily quartz (silica sand), albite and calcite (clays), and tricalcium aluminate 
(calcination product) as indicated in Table 3.8.  Complete data collected from XRD of the 
crushed brick is represented in Appendix I.
Table 3.8:  Chemical Composition of Puerto Rico Brick based on XRD Analysis 
Mineral Compound Chemical Formula Quantity (%) 
Quartz (Silica) SiO2 49.9 
Albite NaAlSi3O8 21.0 
Tricalcium Aluminate Ca2Al2O6 12.8 
Calcite CaCO3 10.0 
Ferroactinolite (Ca,Na,K)2Fe5Si8O22(OH)2 6.2 
Two mortar formulations with varying sizes of crushed brick were tested in order 
to compare the properties of mortars containing fine brick particles and mortars 
containing coarse brick particles.  The particle size distribution of the crushed brick used 
99 Edwin Colón Rios (masonry supervisor, National Park Service, San Juan National Historic Site) in 
discussion with the author, April 2006. 
100 Munsell Soil Color Charts, Revised Washable Edition (New Windsor, NY: Munsell Color, 2000). 
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for the formulations was based on research conducted by conservators and scientists at 
the Structural Engineering Department at the Polytechnic University of Milan for its 
similarity to the present investigation. 101  Based on historic mortar analysis conducted in 
Milan, lime-brick mortars were fabricated in the lab, tested, analyzed, and yielded early 
satisfactory results.  Mortar samples extracted from the 6th century Byzantine church, San 
Michele of Africisco in Ravenna, Italy were composed of aggregates consisting of 
crushed brick and calcareous and siliceous pebbles.102  The particle size distribution of 
the San Michele aggregate, as interpreted by the author, is indicated in Graph 3.2. 
























Based on the analysis of San Michele, the particle size distribution for the Puerto 
Rico brick was calculated by weight and estimated per sieve as indicated in Table 3.9.  
101 Baronio, “The Role of Brick Pebbles and Dust in Conglomerates,” 35. 
102 Baronio, “The Role of Brick Pebbles and Dust in Conglomerates,” 35-39. 
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The coarsest fraction found in the Byzantine mortar was omitted in this research project 
given the criteria for applied renders to the dome’s exterior of the Rosario Chapel.  The 
range of brick sizes were mixed according to the percentage of mass retained per sieve 
and is represented in Graph 3.3 along with the particle size distribution of the Isabela 
sand.  The mortar mix with fine brick particles ranges from U.S. sieve number 8 to Pan, 
and the mortar mix with coarse brick particles ranges from U.S. sieve number 1/2 to pan.   





















 1/2 12500 300 3.00 3.00 97.00 
 1/4 6300 800 8.00 11.00 89.00 
4 4750 400 4.00 15.00 85.00 
8 2360 900 9.00 24.00 76.00 
16 1180 1300 13.00 37.00 63.00 
30 600 2300 23.00 60.00 40.00 
50 300 2000 20.00 80.00 20.00 
100 150 1000 10.00 90.00 10.00 
200 75 900 9.00 99.00 1.00 
Pan <75 100 1.00 100.00 0.00 
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 The crushed limestone, provided by Martin Limestone, Inc, was extracted from 
the Burkholder Quarry located in Lancaster County, Pennsylvania.  It is a high calcium 
limestone with traces of magnesium, silica, alumina, and iron.  The chemical 
composition, based on X-ray Fluorescence (XRF) analysis conducted by the Martin 
Limestone, Burkholder Quarry Quality Control, confirms high calcium lime (calcium 
carbonate, CaCO3) as the primary component and is indicated in Table 3.10.  Complete 
information of the XRF analysis is located in Appendix I. 
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Table 3.10:  Chemical Composition of Pennsylvania Limestone
based on XRF Analysis 
Mineral Compound Chemical Formula Quantity (%) 
Calcium Carbonate CaCO3 95.27 
Calcium Oxide CaO 53.35 
Quartz (Silica) SiO2 1.07 
Magnesium Oxide MgO 0.90 
Aluminum Oxide Al2O3 0.42 
Iron Oxide Fe2O3 0.14 
The crushed limestone was washed and sieved.  The desired amount, measured by 
weight, was taken from each sieve to yield a particle size distribution equal to that of the 
crushed brick as explained in Section 3.3.2.4.
3.3.3 SAMPLE PREPARATION
 All mortar samples were prepared by the author at the Architectural Conservation 
Laboratory at the University of Pennsylvania in March 2006.  All samples were prepared 
according to standardized methods.  Modifications were made to the various guidelines to 
account for the change of materials and availability of equipment.  Any deviation to the 
standard methods has been noted.   
3.3.3.1 COARSE STUFF
   Prior to mixing the mortar, the coarse stuff was knocked up for 3 minutes at the 
lowest speed setting.  The coarse stuff’s consistency was assessed qualitatively using the 
inverted trowel method.  (Figure 3.4)  A mortar’s ability to remain on an inverted trowel 
is a traditional method used in the field of indicating a consistent material.  Once 
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consistency was achieved, the coarse stuff was stored in a sealed plastic container in a 
cool, dry environment until it was time to add the crushed brick or crushed limestone.   
3.3.3.2 MIXING AND MOLDING
The various mortar formulations were mixed according to ASTM C305-00 
Standard Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of 
Plastic Consistency.103  The mechanical mixer used was a Hobart C-100 with three 
variant speeds of low, medium, and high.  The guidelines were modified to accommodate 
the pre-mixed coarse stuff.  Prior to mixing, the crushed brick and crushed limestone was 
lightly sprayed with water to dampen (not saturate) the materials.  The dampened crushed 
brick and limestone will prevent excess absorption of moisture by the additives upon 
initial contact with the coarse stuff. 
As previously stated in Section 3.3.1, all mortar samples were formulated with a 
ratio (by volume) of 1 part lime putty, 2.5 parts sand, and 1 part crushed brick or crushed 
limestone.  The coarse stuff was pre-mixed at a lime-sand ratio of 1:2.5.  The crushed 
brick or crushed limestone was added proportionally (by volume) to the coarse stuff in a 
ratio of 3.5 parts coarse stuff to 1 part crushed brick or crushed limestone.   
At the time the mortars were mixed, the ambient temperature ranged from 21°C to 
22°C (69.8°F - 71.6°F) and the relative humidity ranged from 19% to 23%.  (Figure 3.5)  
The coarse stuff was placed in the dry bowl and mixed at the lowest speed for one 
minute.  No additional water was added to the mortar mixes.  The crushed brick or 
103 American Society for Testing of Materials, “C305-99 Standard Practice for Mechanical Mixing of 
Hydraulic Cement Pastes and Mortars of Plastic Consistency,” Annual Book of ASTM Standards, Vol. 
04.01 (West Conshohocken, PA, ASTM 2000): 1. 
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crushed limestone was added slowly over a 30 second period while mixed at a low speed.  
(Figure 3.6)  The mixer was stopped and changed to a medium setting, and the mortar 
was mixed for 30 seconds.  The mixer was stopped for 1-1/2 minutes, and covered with 
clear plastic wrap.  The mortar was then mixed for an additional minute at medium speed.  
Each time the mixer was stopped the sides were scraped down with a rubber scraper.104
This process was repeated 5 times to ensure the proper integration of the coarse stuff to 
the crushed brick or crushed limestone. 
Once the mortars were mixed and consistency was achieved, the fresh mortar 
pastes were immediately placed in the appropriate molds in one continuous operation.  
(Figures 3.7 and 3.8)  Constant pressure was applied and a metal putty knife was used to 
minimize voids and ensure the compactness of the material.  The molds were overfilled 
with mortar and excess mortar was sliced off flush with the top of the mold with a metal 
putty knife.  Prior to the application of the material, the molds were treated with a 
releasing agent.  Mineral oil was applied to wood molds and petroleum jelly was applied 
to plastic molds.  The molds as specified in each standard test are described in greater 
detail in Chapter 4.
3.3.3.3 CURING
The curing conditions of the mortar samples varied according to the type of test 
conducted.  The samples were cured as specified by each standard test that was consulted. 
For the curing conditions schedule per test performed, refer to Appendix J.  Three 
different environments with specified temperatures and relative humidity were required.  
104 “C305-99 Standard Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic 
Consistency,” 2-3. 
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A hygrometer was placed in each location to monitor the conditions, and the temperature 
and humidity were recorded daily for the duration of testing.   
Mortar samples placed in an air dry condition required a temperature of 23°C ± 
2°C (73.4°F ± 35.6°F) and a humidity level of 50% or greater.105  Due to limitations in 
the laboratory and available space, the temperature and humidity of the room could not 
be altered and the atmospheric conditions were recorded.  The temperature ranged from 
18°C to 21°C (64.4°F – 69.8°F) and the relative humidity ranged from 31% to 57%. 
Controlled environments were created in order to achieve desired temperature and 
relative humidity.  A moist chamber was required where the temperature be maintained at 
23°C ± 2°C (73.4°F ± 35.6°F) with a relative humidity greater than 95%.106  In addition 
to following the standards, the high relative humidity simulated the current climatic 
conditions in Puerto Rico.  In order to achieve this environment, a baker’s rack was 
tented with a clear plastic cover on all four sides and exposed to air at the bottom.  
(Figure 3.9)  The sample trays were placed together in the rack with one full tray of water 
directly above and below the samples.  The temperature ranged from 18°C to 24°C 
(64.4°F – 75.2°F) and the relative humidity ranged from 75% to 95% in the top half of 
the rack and 54% to 90% in the bottom half of the rack.   
105 American Society for Testing of Materials, “C496-96 Standard Test Method for Splitting Tensile 
Strength of Cylindrical Concrete Specimens,” Annual Book of ASTM Standards, Vol. 04.02 (West 
Conshohocken, PA, ASTM 2000): 2. 
106 American Society for Testing of Materials, “C511-98 Standard Specification for Moist Cabinets, Moist 
Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and Concretes,” Annual Book 
of ASTM Standards, Vol. 04.01 (West Conshohocken, PA, ASTM 2000): 1. 
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A storage chamber was required that maintained a temperature of 23°C ± 2°C 
(73.4°F ± 35.6°F) and a relative humidity of 50% ± 4%.107  A desiccator was modified 
where the temperature ranged from 18°C to 21°C (64.4°F – 69.8°F) and the humidity 
ranged from 45% to 55%.  (Figure 3.10) 
107 American Society for Testing of Materials, “C157-99 Standard Test Method for Length Change of 
Hardened Hydraulic-Cement Mortar and Concrete,” Annual Book of ASTM Standards, Vol. 04.02 (West 
Conshohocken, PA, ASTM 2000): 6. 
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Figure 3.1: (above) Sand from Isabela, 
Puerto Rico. (Verhosek) 
Figure 3.2: (left) Traditional method of 
mixing lime and sand at the National Park 
Service, San Juan National Historic Site. 
(Verhosek) 
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   Figure 3.3:  Crushed brick from San Juan, Puerto Rico. (Verhosek) 
   Figure 3.4:  Qualitative assessment of consistency using the inverted trowel  
   method. (Verhosek) 
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Figure 3.5: (below) Preparation of mortar 
samples in the Architectural Conservation 
Laboratory. (Verhosek) 
Figure 3.6: (left) Mixing crushed brick 
with the “coarse stuff” in the Hobart C-
100 mixer. (Verhosek) 
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Figure 3.7: (left) Wood molds over-filled 
with fresh mortar paste. (Verhosek) 
Figure 3.8: (below) Fresh mortar samples 
in various molds. (Verhosek) 
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          Figure 3.9:  Modified climatic control chamber with a 
          relative humidity of ±90%. (Verhosek) 
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         Figure 3.10:  Modified climatic control chamber with a 
         relative humidity of ±50%. (Verhosek) 
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CHAPTER 4 - TESTING PROGRAM FOR NON-CURED MORTARS 
4.1 INTRODUCTION
The testing program was developed to determine the critical properties of lime-
crushed brick mortars in the non-cured state in order to recommend a durable restoration 
mortar compatible with the Rosario Chapel masonry dome.  Based on the contemporary 
literature review discussed in Chapter 3, the addition of crushed brick to traditional lime-
sand mortars improves certain qualities such as workability and consistency, a faster set 
time, lower drying shrinkage, faster rate of carbonation, and higher early strength.  Tests 
conducted on fresh mortar pastes were consistency and set time.  Tests conducted on 
hardened, non-cured mortars were linear drying shrinkage, carbonation depth, and 
splitting tensile strength.  Identifying the critical characteristics of non-cured mortars was 
not limited to the tests conducted in this research and was in no way an exhaustive list.
All tests were conducted according to standardized testing methods.  Standard 
tests have been developed for similar properties by different countries.  Tests were 
selected based on appropriateness to the materials, availability of standard tests, and 
availability of equipment.  Table 4.1 outlines the tests performed on non-cured mortars, 
the standards followed, and the corresponding mold and sample schedule.  It was 
determined that few standardized tests exist for lime based mortars.  Modifications were 
made to the various tests to account for the change of materials and time constraints.  
Any deviation to standardized tests has been noted.  For the complete testing schedule 
used for this research, refer to Appendix J.
  72 
Table 4.1:  Sample Schedule 
Test Properties Standard Sample Molds Total Samples 
Fresh Mortars 
Consistency Flow ASTM C1437-99 truncated cone;  
4" base diameter,  
2-3/4" top diameter,  
2" depth 
8
(2 per mortar 
formulation) 
Set time Stiffness ASTM C191-99 truncated cone;  
2-3/4" base diameter,  
2-3/8" top diameter,  
1-9/16" mm depth 
12
(3 per mortar 
formulation) 







prism; 1"x1"x 6-1/4" 12 
(3 per mortar 
formulation) 







1-1/2" diameter x 1/2" 
16







ASTM C496-96 cylinder;  
2" diameter x 4" high 
12
(3 per mortar 
formulation) 
4.2 CONSISTENCY
The consistency of the mortars was measured qualitatively and quantitatively in 
order to ensure good workability and uniformity of the mix.  In this case, the slaked lime 
and sand were pre-mixed prior to the start of testing.  Since there was no control over the 
amount of water initially added, it was important to first establish the consistency of the 
coarse stuff before incorporating the crushed brick or crushed limestone.  Visual 
assessments of the mortar were made while in the mixer and on a trowel before 
conducting the test for flow or slump.  A mortar’s ability to remain on an inverted trowel 
is a good indicator of a consistent material.   
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4.2.1 STANDARD TEST METHOD FOR FLOW OF HYDRAULIC CEMENT MORTAR
ASTM C1437-99 Standard Test Method for Flow of Hydraulic Cement Mortar
was designed to determine the consistency of mortar between batches of the same 
material.108  Neither the test nor the results were dependent on specific properties of 
hydraulic cement; therefore, the procedure was not altered for the various lime-based 
mortars.  Each batch of mortars was tested twice for consistency. 
4.2.1.1 EQUIPMENT
Consistency was measured with the use of a flow table and flow mold that 
complied with ASTM C230 Standard Specification for Flow Table for the Use in Tests of 
Hydraulic Cements.  A modified flow table as shown in Figure 4.1 was used.  The flow 
table was made up of a plywood top and base.  The top consisted of a plane surface with 
an inscribed 10 inch circle and eight equidistant lines each measuring 2-5/8 inches long 
extending from the outer circumference to the center.  To control the height of the table, a 
threaded pipe 1 inch long with a 5 inch diameter encased in a larger threaded pipe 1-1/4 
inches long with a 5 inch diameter was attached to the top and base.109
The flow mold complied with ASTM C230 and was a cast bronze conical mold   
2 inches in height with a top diameter of 2-3/4 inches and bottom diameter of 4 inches.  
Electronic digital calipers, with a tolerance of ± 0.01 inches, were used to take 
measurements and complied with ASTM C230 in which the scale was divided into 40 
108 American Society for Testing of Materials, “C1437-99 Standard Test Method for Flow of Hydraulic 
Cement Mortar,” Annual Book of ASTM Standards, Vol. 04.01 (West Conshohocken, PA, ASTM 2000): 1. 
109 American Society for Testing of Materials, “C230-98 Standard Specification for Flow Table for the Use 
in Tests of Hydraulic Cements,” Annual Book of ASTM Standards, Vol. 04.01 (West Conshohocken, PA, 
ASTM 2000): 1-3. 
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increments with 0.16 inches between divisions.110  Other materials included a metal putty 
knife and clamps. 
4.2.1.2 PROCEDURE
The flow table was clamped to a secure countertop, leveled, wiped clean, and 
dried.  The flow mold was placed in the center of the flow table top.  Once the fresh 
mortar paste passed the inverted trowel test, it was placed in the mold.  The mold was 
filled using continuous pressure through hand applications and a metal putty knife.  The 
mortar was sliced off flush with the top of the mold, and the table top was cleared of any 
excess water and debris especially around the edge of the mold.  After 1 minute, the mold 
was lifted away from the mortar paste.  The table was, immediately, dropped 1/2 inch, 25 
times in 15 seconds.  The diameter of the mortar sample was measured along the eight 
lines of the table top using the calipers.  The sum of the four measurements equaled the 
percent increase of the original diameter of the sample.111  (Figure 4.2) 
4.3 SET TIME
Set times were measured in order to determine the stiffening rate of lime-crushed 
brick mortars and traditional lime-sand mortars.  Brick dust imparts hydraulic qualities on 
a lime-sand mortar; thereby increasing the setting rate of the mortar.112  The setting rate 
of the lime-crushed limestone mortars served as a point of reference for comparison 
purposes.
110 “C230-98 Standard Specification for Flow Table for the Use in Tests of Hydraulic Cements,” 3-4. 
111 “C1437-99 Standard Test Method for Flow of Hydraulic Cement Mortar,” 1-2. 
112 Teutonico, “The Smeaton Project,” 41-42. 
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4.3.1 STANDARD TEST METHOD FOR TIME OF SETTING OF HYDRAULIC CEMENT BY VICAT
NEEDLE
ASTM C191-99 Standard Test Method for Time of Setting of Hydraulic Cement 
by Vicat Needle was designed to determine the initial and final set time of hydraulic 
cement mortars.113  Hydraulic cement mortars do exhibit a faster set time than lime-based 
mortars.  However, neither the test procedure nor the results were dependent on specific 
properties of hydraulic cement; therefore, the procedure, with minor modifications, was 
used on the various lime mortar samples.  Three samples were tested for each mortar 
formulation.   
4.3.1.1 EQUIPMENT
According to ASTM C191-99, the set time was measured with a Vicat apparatus 
consisting of an adjustable needle, 50 mm in length and 1 mm in diameter.  (Figure 4.3)  
The mortar was placed in plastic conical molds 1-9/16 inches high with an opening at the 
top measuring 2-3/8 inches in diameter and an opening on the bottom measuring 2-3/4 
inches in diameter.114  Other materials included clear Plexiglas (4 inches x 4 inches) and a 
metal putty knife.   
4.3.1.2 PROCEDURE
Once mixed to a desired consistency, the mortar was formed into a ball and tossed 
from one hand to the other six times.  While holding the ball in one hand and the conical 
113 American Society for Testing of Materials, “C191-99 Standard Test Method for Time Setting of 
Hydraulic Cement by Vicat Needle,” Annual Book of ASTM Standards, Vol. 04.01 (West Conshohocken, 
PA, ASTM 2000): 1. 
114 “C191-99 Standard Test Method for Time Setting of Hydraulic Cement by Vicat Needle,” 1. 
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mold in the other, the mortar was pressed into the large end of the mold until it was 
completely filled.  The mold, with the large end down, was placed on a piece of 
Plexiglas.  Using the metal putty knife, the mortar was cut off to a plane surface flush 
with the top of the mold being careful not to compress the mortar paste.  Once the 
molding was complete, the samples were placed in the moist closet (section 3.3.3.3) and 
stored there in between readings.115
According to ASTM C191-99, the samples were placed in the moist closet after 
molding for 30 minutes and readings were taken every 15 minutes thereafter to determine 
the sample’s initial set (penetration of 25 mm) and final set (penetration of 0 mm).116
The test was developed for hydraulic cements, which have a faster set time than lime-
based mortars.  The readings were modified to accommodate a slower setting material.  
Measurements for the lime-crushed brick mortars were taken every 6 hours until initial 
set was achieved and every 24 hours until final set.  Measurements for the lime-crushed 
limestone mortars were taken every 24 hours until initial and final set was achieved. 
For penetration tests, the needle was lowered until it rested on the surface of the 
mortar paste.  The set screw was tightened and the indicator was calibrated.  The rod was 
released by turning the set screw and the needle was allowed to settle for 30 seconds 
before measurements were recorded.  The needle was wiped clean in between readings.  
Penetrations were spaced 1/4 inches apart and no penetration was made within 3/8 inches 
from the inside of the mold. Tests were conducted until the needle no longer broke 
through the surface of the sample.117
115 “C191-99 Standard Test Method for Time Setting of Hydraulic Cement by Vicat Needle,” 1-2. 
116 “C191-99 Standard Test Method for Time Setting of Hydraulic Cement by Vicat Needle,” 2-3. 
117 “C191-99 Standard Test Method for Time Setting of Hydraulic Cement by Vicat Needle,” 3. 
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4.4 LINEAR DRYING SHRINKAGE
As lime mortars cure, a certain amount of linear shrinkage was expected to occur.  
If mortars dry too quickly during the curing process, shrinkage cracks form reducing the 
overall strength of the material.  It was important to monitor the linear shrinkage of lime-
crushed brick mortars in order to understand the material’s potential for cracking.   
4.4.1 STANDARD TEST METHOD FOR MEASURING THE DRYING SHRINKAGE OF MASONRY
MORTAR
ASTM C1148 Standard Test Method for Measuring the Drying Shrinkage of 
Masonry Mortar was designed to measure the linear shrinkage of mortars after a period 
of moist curing under controlled drying conditions.  Due to the fragility of the material 
and difficulty of de-molding the samples, this test was not recommended for lime rich 
mortars.118  However, past research had indicated successful use of this test on lime-
based mortar formulations.119,120  At the time of testing, an alternative test for linear 
shrinkage of lime mortars could not be located.  Each mortar formulation was represented 
by three samples. 
4.4.1.1 EQUIPMENT
According to ASTM C1148, samples were measured using a length comparator, 
which adhered to ASTM C490-00a Standard Practice for Use of Apparatus for the 
118 American Society for Testing of Materials, “C1148-92a Standard Test Method for Measuring the 
Drying Shrinkage of Masonry Mortar,” Annual Book of ASTM Standards, Vol. 04.05 (West Conshohocken, 
PA, ASTM 2000): 1. 
119 John Carr, An Investigation on the Effect of Brick Dust on Lime-Based Mortars (Master Thesis, 
University of Pennsylvania, 1995): 72-75. 
120 Scott Pons, Performance Analysis of Composite Repair of Sandstone (Master Thesis, University of 
Pennsylvania, 2005): 66-68. 
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Determination of Length Change of Hardened Cement Paste, Mortar, and Concrete.  The 
length comparator consisted of a dial micrometer that measured ± 0.0001 inch units.  
(Figure 4.4)  In between measurements, the comparator was calibrated with a reference 
bar measuring 6-5/8 inches in length.121
Custom made wood molds constructed of mahogany were used to create prisms 
half the suggested standard length of 11-1/4 inches with stainless steel gage studs 
embedded in both ends creating a prism 1 inch x 1 inch x 6-1/4 inches and a gage length 
of 5 inches.  (Figure 4.5)  When inserting the gage studs, it was important to keep them 
dry and free of the releasing agent.  A 5 inch stainless steel bar was used to set the gage 
length.122
4.4.1.2 PROCEDURE 
The wood molds were filled with mortar in a one continuous compacting 
operation.  Constant pressure was applied with the use of a metal putty knife to ensure the 
mortar filled out the mold especially around the gage studs.  Excess mortar was sliced off 
flush with the top of the mold with the use of the putty knife.  The bolts holding the gage 
studs in position at each end of the mold were immediately removed to prevent any 
restraint during initial shrinkage.  The molds were placed in the moist closet (section 
3.3.3.3) to cure for 72 hours.  After 48 hours, the samples were removed from the 
121 American Society for Testing of Materials, “C490-00a Standard Practice for Use of Apparatus for the 
Determination of Length Change of Hardened Cement Paste, Mortar, and Concrete,” Annual Book of ASTM 
Standards, Vol. 04.01 (West Conshohocken, PA, ASTM 2000): 2-3. 
122 “C490-00a Standard Practice for Use of Apparatus for the Determination of Length Change of Hardened 
Cement Paste, Mortar, and Concrete,” 1. 
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molds.123  At this point, all samples cracked in the molds, and the testing could not 
proceed past this step.  (Figure 4.6)   
Four attempts were made to prepare the rectangular prisms.  The first and second 
set of mortar samples was prepared according to ASTM C1148.  The second set 
employed a less plastic mortar.  In both sets, cracking was observed after 24 hours.  The 
third set of mortar samples was covered with blotter paper and placed in the moist closet.  
The blotter paper was kept moist for two days and then removed.  The third set remained 
in the moist closet for 7 days.  The fourth set of samples was submerged in water for 48 
hours.  It was then placed in the moist closet and covered with moist blotter paper for 14 
days.  In the third and fourth sets of samples, no cracks on the surface were observed.  
Once de-molded, cracks had formed on the bottom surface of the sample.  Each attempt 
resulted in the mortar cracking in the molds.  The mortar consistently cracked in the 
center of the prism or one-third from the end of the prism.  
If the test had proceeded until completion, it would have complied with ASTM 
C1148.  On day 3, the samples are removed from the moist closet, placed vertically in the 
length comparator, and measured.  The samples are then placed in the storage chamber 
(section 3.3.3.3) for the duration of the test.  The length of the samples is measured on 
day 4, 11, 18, and 25 after initial preparation.124
4.4.2 METHODS OF TEST FOR SOIL FOR CIVIL ENGINEERING PURPOSES
Since ASTM C1148 Standard Test Method for Measuring the Drying Shrinkage 
of Masonry Mortar was proven to be an inappropriate test for this type of lime putty 
123 “C1148-92a Standard Test Method for Measuring the Drying Shrinkage of Masonry Mortar,” 2. 
124 “C1148-92a Standard Test Method for Measuring the Drying Shrinkage of Masonry Mortar,” 2. 
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mortar, an alternative test was conducted.  BS1377-2:1990 Methods of Test for Soil for 
Civil Engineering Purposes was designed to determine the percentage of linear shrinkage 
of soils of low plasticity.125  Earthen materials are prone to rapid shrinkage and cracking 
during preparation and curing, and this test has been designed to account for these 
unstable properties.126  Since BS1377-2 was intended to exhibit the overall shrinkage 
potential of soil, the test has been modified to measure linear shrinkage over time and 
moisture content.  Three samples were tested for each mortar formulation. 
4.4.2.1 EQUIPMENT
According to BS1377-2, molds consisting of a non-corrodible metal, semi-
circular in shape measuring 5-1/2 inches long and 1 inch high should be used.127  The 
metal molds were substituted with PVC pipes, 2 inches in diameter, cut in half along its 
length.  Electronic digital calipers, as described in section 4.2.1.1, were used to take 
measurements.  An oven with a drying temperature of 60°C - 65°C (140°F - 149°F) was 
provided.  Other materials included clear Plexiglas measuring 1-1/2 inches by 1-1/2 
inches, an electronic digital scale with a tolerance of ± 0.01 g, and a metal putty knife.   
4.4.2.2 PROCEDURE
According to BS1377-2 for soils, the molds are filled with the fresh mortar paste.  
The samples are exposed to air allowing the material to dry slowly.  Once the sample had 
125  K.H. Head, Manual of Soil Laboratory Testing, vol. 1 (New York: Halsted Press, 1992-1988): 107. 
126  Alejandro Alva and Jeanne Marie Teutonico, “Notes on the Manufacture of Adobe Bricks for the 
Restoration of Earthen Architecture,” in Adobe: International Symposium and Training Workshop on the 
Conservation of Adobe: Final Report and Major Papers, Lima-Cusco, Peru, September 10-22, 1983 (Lima, 
Peru: Regional Project on Cultural Heritage and Development UNDP/ UNESCO, 1983): 52. 
127 Head, Manual of Soil Laboratory Testing, vol. 1, 108. 
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shrunk away from the walls the samples are removed from the molds and placed in the 
oven to dry.  When the samples have dried and cooled, the final length is measured with 
the calipers.128
As stated earlier the test had been modified to track linear shrinkage over time.  
Prior to molding, the plastic molds were weighed on the scale and the lengths were 
measured using the calipers.  The molds were overfilled with fresh mortar paste to ensure 
compactness of the material, and excess mortar was struck off flush with the mold at the 
top and the ends.  (Figure 4.7)  Plexiglas was placed at either end of the exposed mold to 
prevent any of the fresh mortar paste from falling out.  The molds were placed in a moist 
closet (section 3.3.3.3).  The Plexiglas was removed after 24 hours.  The samples were 
removed from the molds after 48 hours and remained in the moist closet for 24 hours.  On 
day 3, the length of the samples was measured using the calipers. 129  A vertical line was 
drawn at either end of the sample.  Measurements were taken at two points on the line 
and averaged.130  (Figure 4.8)  The samples were then placed in the storage chamber 
(section 3.3.3.3) for 25 days.  The samples were measured on day 4, 11, 18, and 25 after 
initial preparation.131  On day 25, the samples were placed in the oven to dry for 24 hours.
Once the samples were dried and cooled, the lengths were measured with the calipers for 
a final time.132  The samples were weighed on the scale to obtain a final mass.   
128 Head, Manual of Soil Laboratory Testing, vol. 1, 109. 
129 “C1148-92a Standard Test Method for Measuring the Drying Shrinkage of Masonry Mortar,” 2. 
130 Head, Manual of Soil Laboratory Testing, vol. 1, 109. 
131 “C1148-92a Standard Test Method for Measuring the Drying Shrinkage of Masonry Mortar,” 2. 
132 Head, Manual of Soil Laboratory Testing, vol. 1, 109. 
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4.5 CARBONATION
Carbonation is a chemical reaction that occurs in lime mortars when the soluble 
particles of slaked lime (calcium hydroxide, Ca(OH)2) are converted into insoluble 
calcium carbonate crystals (calcite, CaCO3) in the presence of water and carbon dioxide.  
As a direct result of carbonation, a mortar hardens and strengthens during the curing 
process.133
As a fresh mortar dries, water begins to evaporate, while carbon dioxide is 
diffused into the mix.  Carbon dioxide combines with the water remaining in the mortar, 
beginning in the smaller capillaries where condensation is prevalent, to form carbonic 
acid (H2CO3).  Calcium hydroxide particles, then, dissolve into the carbonic acid to form 
solid calcium carbonate crystals and water molecules.134
Ca(OH)2 + H2CO3                       CaCO3 + 2H2O
Carbonation continues until all calcium hydroxide is converted to calcium carbonate, or 
all water has evaporated.
The rate of carbonation is directly affected by a mortar’s moisture content, pore 
structure, permeability, and exposure to carbon dioxide.  The addition of coarse aggregate 
increases a mortar’s porosity allowing for a more even distribution of carbon dioxide.  
Carbonation can be disrupted if water evaporates too quickly or if the mortar is over 
saturated with water.135
133 Elert, “Lime Mortars for the Conservation of Historic Buildings,” 67-68. 
134 K. Van Balen, “Carbonation Reaction of Lime, Kinetics at Ambient Temperature,” Cement and 
Concrete Research 35, no. 4 (2005): 648-649. 
135 Elert, “Lime Mortars for the Conservation of Historic Buildings,” 68. 
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4.5.1 ICCROM LABORATORY MANUEL FOR ARCHITECTURAL CONSERVATORS
Carbonation is not a physical transformation and cannot be assessed through 
visual observations.  Phenolphthalein, a simple chemical indicator, can be used to detect 
the depth of carbonation in a mortar.  When phenolphthalein reacts with alkaline 
materials (pH > 7) like calcium hydroxide, it turns red.  As lime mortars carbonate the pH 
level initially drops to an acidic level when carbonic acid is formed and eventually 
neutralizes with the transformation to calcium carbonate.  Phenolphthalein is colorless in 
neutral (pH = 7) and acidic materials (pH < 7).136  Each mortar formulation was 
represented by three samples. 
4.5.1.1 EQUIPMENT
The phenolphthalein solution used consisted of 1% phenolphthalein and 95% 
ethanol.  The molds were constructed of PVC pipes measuring 1/2 inch high and 1-1/2 
inches in diameter.  Other materials included a chisel, hammer, and a metal putty knife. 
4.5.1.2 PROCEDURE
The mortar samples were removed from the molds 24 hours after preparation and 
placed on racks so that the samples were exposed to air on all sides.  The racks were 
stored in the moist closet (section 3.3.3.3) to cure for the duration of the test.  Samples 
were tested for depth of carbonation on day 4, 7, 14, and 28 after initial preparation.137
The sample discs were broken in half with a chisel and hammer.  (Figure 4.9)  The 
136 Teutonico, A Laboratory Manual for Architectural Conservators, 130. 
137 Teutonico, A Laboratory Manual for Architectural Conservators, 131-132. 
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phenolphthalein indicator was immediately dropped on the freshly broken surface from 
the top to the bottom and the observations were recorded. 
4.6 SPLITTING TENSILE STRENGTH
Splitting tensile strength is a measure of the material’s ability to resist shear as a 
compressive force is applied.138  Although argamasa is not a structural component of a 
masonry system, it is important to understand the mortar’s strength under applied 
pressure as a result of external or internal forces potentially leading to cracking or 
detachment. 
4.6.1 STANDARD TEST METHOD FOR SPLITTING TENSILE STRENGTH OF CYLINDRICAL
CONCRETE SPECIMENS
ASTM C496 Standard Test Method for Splitting Tensile Strength of Cylindrical 
Concrete Specimens was designed to evaluate the shear strength of concrete.  A uniform 
rate of force was applied to the samples until splitting or rupture occurred.139  Neither the 
test procedure nor the results were dependent on specific properties of concrete; 
therefore, the procedure was not altered for the various lime mortar formulations.  Three 
samples per mortar formulation were tested.   
138 American Society for Testing of Materials, “C496-96 Standard Test Method for Splitting Tensile 
Strength of Cylindrical Concrete Specimens,” Annual Book of ASTM Standards, Vol. 04.02 (West 
Conshohocken, PA, ASTM 2000): 1. 
139 “C496-96 Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens,” 1. 
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4.6.1.1 EQUIPMENT
The testing equipment used was an Instron 4206 machine which complied with 
ASTM C39 Standard Test Method for Compressive Strength of Cylindrical Concrete 
Specimens.140  The test was conducted at the Laboratory for Research on the Structure of 
Matter.  Molds consisted of PVC pipes 4 inches long and 2 inches in diameter.  Other 
materials included electronic digital calipers and a metal putty knife. 
4.6.1.2 PROCEDURE
The cylindrical molds were filled with fresh mortar, placed in a vertical position, 
and allowed to air dry (section 3.3.3.3) for the first 7 days after preparation.  After 7 days, 
the samples were removed from the molds and positioned vertically in the moist closet 
(section 3.3.3.3) for 21 days.  The samples cured for a total of 28 days prior to testing. 
The test for splitting tensile strength was conducted 30 days after the samples 
were initially prepared.  Prior to testing, the diameters and lengths of each sample were 
measured at two points and averaged.  The sample was placed in the compression 
chamber in between two wooden bearing plates.  Once the cylindrical sample was in 
position, an increasing load was applied at a constant rate until rupture occurred.  (Figure 
4.10)  The maximum applied load was recorded.  The type of failure and appearance of 
the sample was noted.141
140 American Society for Testing of Materials, “C39-01 Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens,” Annual Book of ASTM Standards, Vol. 04.02 (West Conshohocken, PA, 
ASTM 2000): 4. 
141 “C496-96 Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens,” 3. 
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Figure 4.1:  (left) Modified flow table 
and flow mold. (Verhosek) 
Figure 4.2: (below) Flow 
measurements of lime-crushed brick 
mortar sample. (Verhosek). 
  87 
          Figure 4.3:  Vicat apparatus and mortar sample. (Verhosek). 
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          Figure 4.4:  Length comparator with reference bar.  
          (Verhosek) 
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   Figure 4.5:  Modified wood mold with gage studs used for mortar samples measuring  
   linear drying shrinkage. (Verhosek) 
   Figure 4.6:  Lime-crushed brick mortar samples measuring shrinkage. Note major 
   cracking which occurred approximately 24 hours after preparation. (Verhosek) 
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   Figure 4.7:  Mortar samples prepared according to BS1377-2:1990 measuring linear  
   drying shrinkage. (Verhosek). 
   Figure 4.8:  Linear drying shrinkage measurements of lime-crushed brick mortar  
   samples. (Verhosek) 
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          Figure 4.9:  Carbonation depth measurements of lime- 
          crushed brick mortar samples after a 28-day curing period.  
          (Verhosek) 
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          Figure 4.10:  Test for splitting tensile strength using the 
          Instron 4206 machine at the LRSM. (Verhosek). 
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CHAPTER 5 - RESULTS 
5.1 INTRODUCTION
 The results of the tests on mortars fabricated for the exterior restoration of the 
Rosario Chapel masonry dome are presented for each test performed over a 28 day 
period.  Tests conducted on fresh mortar pastes include consistency and set time.  
Hardened non-cured mortar samples were evaluated for linear drying shrinkage, 
carbonation, and splitting tensile strength.  These tests were designed to determine the 
properties of lime-crushed brick mortars in a non-cured state.  Additional testing is 
anticipated over time as the mortars continue to cure, and recommendations for future 
testing are detailed in Chapter 7. 
5.2 VISUAL OBSERVATIONS
 Visual observations were made on the cylindrical samples used for the splitting 
tensile strength test before and after the test was performed.  The general surface 
appearance of the samples was observed throughout the 28 day testing period including 
cross-section appearance, color of saturated and dry samples, hardness, and texture.  
(Figures 5.1 - 5.6)  The surface appearance of the mortar samples is outlined in Table 5.1.  
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Table 5.1:  Surface Appearance of Mortar Samples 
Sample Cross-Section Color - Wet (Munsell) 







pink matrix with 
visible traces of lime, 








pink matrix with 
visible traces of lime, 








white/ grey matrix 
with visible traces of 
sand and limestone 




white/ grey matrix 
with visible traces of 
sand and limestone 




Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
5.3 CONSISTENCY ACCORDING TO ASTM C1437-99
 Consistency of the mortars was measured qualitatively and quantitatively in order 
to ensure good workability and uniformity of the mixes.  Visual assessments of the 
mortar were made using the simple inverted trowel test.  The consistency was measured 
using the flow test, where the increase in average base diameter of the mortar mass is 
expressed as a percentage of the original base diameter.  Batches of mortars were tested 
twice for consistency.  The calculations are as follows: 
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A = avg. L – B 
where:
A = percent flow 
L = average base diameter of sample after flow test (four diameters) 
B = original base diameter (101.6 mm)  
The values for the flow test of each sample set are represented in Table 5.2.  All 
flow measurements are located in Appendix K.  The standards indicate that the precision 
of a single-operator is 4% flow, and the results of two tests by the same operator on 
similar batches should not differ by more than 11%.142  The results of the flow tests 
indicate that the batches of mortar fall within that range. 
Table 5.2:  Flow Test Calculations 
Sample Key 
Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 









A1 108.41 6.81 
A2 106.28 4.68 
B1 108.39 6.79 
B2 108.95 7.35 
C1 106.74 5.14 
C2 108.63 7.03 
D1 109.28 7.68 
D2 107.03 5.43 
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5.3.1 MOISTURE CONTENT ACCORDING TO BS1377-2:1990:6.5
Since the high calcium lime had been slaked prior to the start of the experiment 
and no water was added to the mixture at the time of preparation, it was important to 
determine the amount of moisture in each batch.  The moisture content was calculated as 
follows: 
Ms=[(Ww-Wd)/Ww] x 100% 
where:
Ms = moisture content of mortar sample 
Ww = initial wet weight of mortar sample 
Wd = final weight of sample after drying 
The mortar samples used for linear drying shrinkage were weighed at the time of initial 
preparation and again 26 days later after having dried for 24 hours in an oven at 60°C.  
The values for the moisture content of each sample are presented in Table 5.3 and 
complete data is presented in Appendix M.  All samples had average moisture contents 
between 14% and 15% as displayed in Graph 5.1. 
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A1 62.45 52.99 15.15 
A2 67.65 57.50 15.00 
A3 67.42 57.07 15.35 
15.17 0.17 
B1 71.57 61.04 14.71 
B2 72.02 61.27 14.93 
B3 70.38 59.75 15.10 
14.91 0.20 
C1 sample broke 
C2 76.59 65.01 15.12 
C3 79.93 68.11 14.79 
14.95 0.23 
D1 73.92 63.26 14.42 
D2 sample broke 
D3 73.37 62.76 14.46 
14.44 0.03 
























Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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5.4 SET TIME ACCORDING TO ASTM C191-99
 Setting times were measured in order to determine the stiffening rate of the lime-
crushed brick mortars.  The results of the set times are shown in Table 5.4 and Graph 5.2.  
The lime mortars containing the fine crushed brick (Group A) set the fastest followed by 
the mortar with the coarse crushed brick (Group B).  The lime-crushed limestone mortars 
had the longest setting time (Groups C and D).  The data collected for each sample (3 per 
formulation) are presented in Appendix L.   
Table 5.4:  Average Initial and Final Set Time 
Sample Initial Set(days) 
Final Set
(days) 
A 0.85 3.17 
B 1.42 5.33 
C 13.42 23.00 
D 17.78 26.33 
Sample Key 
Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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5.5 LINEAR DRYING SHRINKAGE ACCORDING TO ASTM C1148-92A AND 
BS1377-2:1990:6.5
 As the mortars dried, a certain amount of shrinkage occurred.  In order to monitor 
the linear shrinkage of all mortars, the samples were prepared and measured according to 
BS1377-2:1990:6.5 and the percent shrinkage were calculated according to ASTM 
C1148-92a.  As required by the standard, the percent shrinkage for each sample was 
calculated as follows: 
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S = [(Li-Lf)/L0] x 100% 
where:
S = percent shrinkage 
L0 = length of mold 
Li = initial measurement after removal from moist cure 
Lf = measurement after 25 day drying period 
The mortar samples were removed from the moist curing chamber after 4 days 
and dried in 50% relative humidity for 25 days.  The values for percent shrinkage of each 
sample are presented in Table 5.5.  All data collected are presented in Appendix M.



















A1 140.89 140.63 140.04 0.42 
A2 141.46 140.91 140.34 0.40 
A3 140.73 140.42 139.81 0.43 
0.42 0.02 
B1 140.59 140.35 140.05 0.21 
B2 140.89 140.39 139.99 0.28 
B3 140.38 140.33 140.08 0.18 
0.23 0.05 
C1 sample broke when de-molded 
C2 141.11 140.90 140.28 0.44 
C3 141.15 140.85 140.18 0.47 
0.46 0.02 
D1 140.51 140.17 139.72 0.32 
D2 sample broke when de-molded 
D3 141.31 140.68 140.24 0.31 
0.32 0.01 
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The average percent shrinkage per sample set, as presented in Graph 5.3, indicates 
that all samples decreased in length.  The samples with fine brick particles (Groups A) 
shrunk on average 0.44%, while the mortars with coarse brick particles (Group B) shrunk 
approximately 0.23%.  The lime-crushed brick samples exhibited slightly less shrinkage 
than the lime-crushed limestone mortars. Over time, the lime-crushed limestone samples 
exhibited noticeable deformation while the lime-crushed brick samples remained 
constant. (Figures 5.7 and 5.8)





















Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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5.6 CARBONATION ACCORDING TO ICCROM, LABORATORY MANUEL FOR 
ARCHITECTURAL CONSERVATORS
 Carbonation occurs in mortars as slaked lime is transformed into calcium 
carbonate resulting in the hardening and strengthening of the mortar during the curing 
phase.  Over a period of 28 days, mortars (1/2” thick) were tested for the presence 
calcium hydroxide and calcium carbonate using a phenolphthalein solution, an acid-base 
indicator, at the surface and core of the samples.  The values per sample set shown in 
Table 5.6 indicate the initial formation of calcium carbonate.  The lime-crushed brick 
mortars began carbonating slightly faster than the lime-crushed limestone mortars.  As of 
28 days, none of the mortar samples had fully carbonated.  The data collected of all 
samples are presented in Appendix N. 
Table 5.6:  Carbonation Depth Measurements 
Days 
4 7 14 28 Sample
Surface Core Surface Core Surface Core Surface Core
A - - - - + - + (1mm) -
B - - - - + - + (1mm) -
C - - - - - - + -
D - - - - - - + (1mm) -
- no carbonation detected; + carbonation detected 
Sample Key 
Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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5.7 SPLITTING TENSILE STRENGTH ACCORDING TO ASTM C496-96
 All of the cylindrical lime mortar samples tested were subjected to a compressive 
force of 200lbs/in applied along the length of the sample.  Although not structural, the 
mortar’s splitting tensile strength was tested to indicate its ability to withstand applied 
pressure as a result of external forces.  The splitting tensile strength test was conducted at 
the Laboratory for Research on the Structure of Matter at the University of Pennsylvania 
after a 28 day curing period.  The calculation for each sample in relation to the maximum 
recorded load is as follows: 
T = 2P/?Ld
where:
T = splitting tensile strength 
P = maximum applied load at the time of shear 
L = sample length (average of 2 measurements) 
d = sample diameter (average of 4 measurements) 
The values for the splitting tensile strength of each sample tested are presented in Table 
5.7.  The data collected and load curves for each sample are presented in Appendix O. 
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A1 184.69 3.98 2.01 14.59 
A2 167.48 3.98 2.04 13.17 
A3 191.77 3.96 2.04 15.12 
14.29 1.00 
B1 253.85 3.92 2.03 20.36 
B2 178.47 3.91 2.03 14.33 
B3 226.99 3.94 2.02 18.15 
17.61 3.05 
C1 sample broke prior to testing 
C2 140.69 3.92 2.03 11.23 
C3 160.77 3.90 2.04 12.88 
12.08 1.12 
D1 174.74 3.95 2.04 13.83 
D2 163.51 3.96 2.03 12.95 
D3 150.15 3.95 2.03 11.93 
12.91 0.95 
The average splitting tensile strength per sample set is presented in Graph 5.4.  
Although the samples have not fully cured, the lime-crushed brick samples display higher 
strength than the lime-crushed limestone mortars.  The mortars with the coarse brick and 
limestone display higher strength than that of the fine brick and limestone.  When loads 
were applied to the point of failure, all of the samples split in half transversely from top 
to bottom. (Figure 5.9) 
Sample Key 
Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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   Figure 5.1:  Gross sample of dry lime-fine crushed brick mortar (Sample A).  
   (Verhosek) 
   Figure 5.2:  Gross sample of wet lime-fine crushed brick mortar (Sample A).  
   (Verhosek) 
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    Figure 5.3:  Gross sample of dry lime-coarse crushed brick mortar (Sample B).  
   (Verhosek) 
    Figure 5.4:  Gross sample of wet lime-coarse crushed brick mortar (Sample B).  
   (Verhosek) 
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    Figure 5.5:  Gross sample of dry lime-fine crushed limestone mortar (Sample C). 
   (Verhosek) 
    Figure 5.6:  Gross sample of dry lime-coarse crushed limestone mortar (Sample D).  
   (Verhosek) 
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    Figure 5.7:  Lime-coarse crushed brick mortar (Sample B) after a 28 day cure.  
   (Verhosek) 
    Figure 5.8:  Lime-coarse crushed limestone mortar (Sample D) after a 28 day cure.  
   Note the deformation of the sample. (Verhosek) 
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            Figure 5.9:  Lime-coarse crushed brick mortar (Sample B)  
          under stress. All mortar samples ruptured along the  
          transverse axis. (Verhosek) 
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CHAPTER 6 - DISCUSSION OF RESULTS 
6.1 INTRODUCTION
 This research assessed the individual properties of non-cured lime-crushed brick 
mortars conducted in a controlled laboratory environment independent of the brick 
masonry substrate and natural environmental conditions.  Ultimately, the true test of a 
mortar’s success or failure is the application in situ; however, critical examination in the 
laboratory provides quantifying results documenting a material’s potential.  The data 
collected in this research was assessed independently of the analysis of existing 
argamasa currently on the Rosario Chapel (section 2.5), current conservation research 
due to inconsistent variables across experiments (section 3.2), and properties, which have 
been reserved for future testing (section 7.2).
The critical properties tested on non-cured lime-crushed brick mortars, including 
consistency, set time, linear drying shrinkage, carbonation, and splitting tensile strength, 
are all interrelated.  In order to regulate the test results, the lime-crushed brick mortars 
were tested alongside a control set consisting of traditional lime-sand mortars and 
crushed limestone, acting as an inert porous particulate.  The samples were cured in 90% 
relative humidity simulating the climatic conditions in Puerto Rico. 
6.2 CONSISTENCY
 Consistency determines the flow of a fresh mortar paste indicating the workability 
and uniformity of the material.  Workability and uniformity affect all properties of a 
mortar, and it is crucial to achieve optimal performance to ensure a quality material.  A 
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fresh mortar should be plastic enough to be workable or manipulated onto a surface, yet 
uniform throughout in order to properly adhere to a masonry substrate.  Mortar mixes 
with optimum consistency for this experiment ranged between 4% and 7%.   
Consistency is directly related to the moisture content of the material.  It is 
important for a fresh mortar paste to retain moisture and dry out at an appropriate rate 
over time to prevent cracking.  The total moisture content for all mixes ranged between 
14% - 15%, which is within the typical range (15% - 19%) for lime putty mortars.143
In comparing mortars with similar particle sizes, the moisture content of the 
coarse crushed brick (14.91%) and the coarse crushed limestone (14.44%) was slightly 
lower than the moisture content of the fine crushed brick (15.17%) and the fine crushed 
limestone (14.95%).  A lower moisture content in the mortars with coarse material could 
be due in part to the grain size distribution.  All mortar samples were prepared and cured 
under the same conditions; however, larger fragments of crushed brick and crushed 
limestone increase porosity allowing initial evaporation to occur at a faster rate than the 
mortars with finer particles.   
6.3 SET TIME
 Set time measures the speed at which a mortar stiffens thus reducing plastic 
deformation.  A mortar’s setting time is directly related to its moisture content, the 
presence of hydraulic components, and its surrounding environment.  Slow setting times 
leave plastic mortars vulnerable to environmental factors like excessive moisture, heat, or 
143 Teutonico, “The Smeaton Project,” 38. 
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frost affecting its durability.  If a mortar sets too fast, cracking can occur which can affect 
its ultimate strength. 
 Traditional lime-sand mortars inherently have slow setting times.  The final set 
times for the control samples in this project took an average of 23 days for the mortars 
with fine crushed limestone and 26.33 days for the mortar with coarse crushed limestone.  
The addition of crushed brick significantly increased the setting rate of the lime-based 
mortars.  The lime-crushed brick mortars had a final set occurring in 3.17 days for the 
fine crushed brick sample and 5.33 days in the coarse crushed brick sample, which is 
typical where lime-brick mortars are expected to set between 3 - 10 days.144
In comparing mortars with similar particle size, the final set time for the mortar 
with fine crushed brick (sample A) was 86% faster than the mortar containing the fine 
crushed limestone (sample C).  The final set time for the mortar with coarse crushed brick 
(sample B) was 80% faster than the mortar with the coarse crushed limestone (sample D).   
 Stored in high relative humidity (75% - 95%), excess moisture slowed the drying 
rate of all of the mortar samples.  However, the mortars with crushed brick had a faster 
set time than the mortars with crushed limestone.  The addition of crushed brick, 
particularly the finer particles, increased the hydraulicity of the material allowing the 
mortar to stiffen regardless of the moisture levels.145  For argamasa that is exposed in a 
region with high relative humidity, the shorter set time is ideal in controlling shrinkage 
and increasing the rate of carbonation. 
144 Peroni, “Lime Based Mortars for the Repair of Ancient Masonry and Possible Substitutes,” 91. 
145 Teutonico, “The Smeaton Project,” 41-42. 
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6.4 LINEAR DRYING SHRINKAGE
Linear drying shrinkage determines the amount of cracking that can occur in a 
material, and is the direct result of a mortar’s workability, moisture content, and grain 
size distribution.  Overall the linear shrinkage ranged from 0.23% - 0.46%.  Based on 
previous research, shrinkage tends to be high at an early age where an average percent 
shrinkage of lime-based mortars is 0.5%.146
The addition of larger, porous particulates did reduce the amount of shrinkage as 
compared to the mortars with finer particulates.  The average percent shrinkage of the 
mortars with coarse crushed brick was 45% less than the mortars with fine crushed brick 
(0.42% and 0.23%, respectively).  The average percent shrinkage of the mortars with 
coarse crushed limestone was 30% less than the mortars with fine crushed limestone 
(0.46% and 0.32%, respectively).  The mortars with fine crushed brick exhibited slightly 
less shrinkage than the mortars with the fine crushed limestone; whereas there was a 28% 
difference between the mortars with coarser particles.   
The lime-crushed brick mortars exhibited less shrinkage than the lime-crushed 
limestone mortars.  The addition of crushed brick imparts hydraulic properties; thereby, 
improving workability and set time leading to the lower shrinkage.
6.5 CARBONATION
 After the initial drying phase of a mortar, carbonation occurs when calcium 
hydroxide transforms into calcium carbonate with the exchange of moisture in the mortar 
and carbon dioxide in the air.  This chemical reaction induces the hardening of the 
146 Baronio, “The Role of Brick Pebbles and Dust in Conglomerates,” 40. 
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material allowing the mortar to gain strength and develop a resistance to applied loads.  
The moisture content of the mortar as well as the level of carbon dioxide concentration in 
the air affects the rate of carbonation.
After a 28 day curing period, none of the mortar samples had fully carbonated; 
however, the samples with crushed brick began to carbonate slightly faster.  The lime-
crushed brick samples indicated a carbonated surface at 14 days after preparation; 
whereas the lime-crushed limestone mortars began to carbonate after 28 days.
In areas of high relative humidity like Puerto Rico, carbonation is slow due to the 
high moisture content in the atmosphere, which retards the rate of water evaporation from 
the mortars.  However, the addition of crushed brick allows mortars to harden and 
become stable without the exchange of water and carbon dioxide contributing to a faster 
rate of carbonation.
6.6 SPLITTING TENSILE STRENGTH
Argamasa is not a structural component of a masonry system; however, it is 
subject to a series of external and internal stresses.  Any downward load from external 
forces or internal splitting tension from the masonry structural system can be distributed 
throughout the curvature of the dome resulting in a transfer of compressive load into 
tensile strain.  This test method indicates the mortar’s ability to withstand shear under 
compression. 
  After a 28-day curing period, all samples exhibited low early strength and the 
measurements were not consistent within each mortar sample set.  This is due to the fact 
that the mortars have not fully carbonated or stabilized.  With that aside, the mortars with 
  116 
crushed brick did perform better against an applied load than the mortars with crushed 
limestone.  Based on the lime mortars of similar particle sizes, the samples with fine 
crushed brick had an average tensile strength 15% higher than those with fine crushed 
limestone (14.29 psi and 12.08 psi, respectively).  The mortars with coarse crushed brick 
had an average tensile strength 27% higher than that of the coarse crushed limestone 
(17.61 psi and 12.91 psi, respectively).  The lime mortars with the coarse crushed brick 
exhibited the highest early strength among the mortar samples due to a wider range of 
particles sizes allowing for a faster set time, lower linear shrinkage, a greater depth of 
carbonation.
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CHAPTER 7 - CONCLUSION 
7.1 SUMMARY
Argamasa, or lime-crushed brick mortar, has been used since ancient times in 
western culture.  Within the last century, production of lime mortars has become nearly 
obsolete due to the popularity of Portland cement.  Lime-based mortars require highly 
skilled workers, a long production time, and continuous maintenance.  When assessing 
mortars independent of the environment and a masonry substrate, lime mortars do not 
perform better than cement-based mortars.  However, a permeable, flexible pure lime 
mortar of lower strength is more compatible with a porous, historic masonry system.  
Based on the experiments conducted for this research, the addition of crushed 
brick did improve the physical, chemical, and mechanical properties of the non-cured 
lime putty mortars over the control set with crushed limestone.  Through qualitative and 
quantitative tests, it was determined that the fresh lime-crushed brick mortar pastes 
exhibited better workability and a higher water retention capacity.  When compared to the 
control samples, the lime-crushed brick mortars that were in a hardened, non-cured state 
displayed faster set times, lower drying shrinkage, less plastic deformation, slightly faster 
rate of carbonation, and a higher early splitting tensile strength.
In comparing the mortars samples of varying crushed brick sizes as shown in 
Table 7.1, the addition of crushed brick had similar affects on workability, plastic 
deformation, and rate of carbonation.  The lime mortars with the fine crushed brick 
displayed greater hydraulicity and exhibited slightly higher water retention and a faster 
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set time.  Whereas, the lime mortars that included the coarse crushed brick displayed a 
lower linear drying shrinkage and higher splitting tensile strength.






Improves Workability X X 
Higher Water 
Retention  X
Reduction of  
Plastic Deformation X X 
Faster Set Time X  
Lower Linear Drying 
Shrinkage   X 
Faster Rate of 
Carbonation  X X 
Higher Early Splitting 
Tensile Strength  X 
 The lime-crushed brick mortars were monitored over a 28-day period.  Although 
the samples are unstable during this phase, the physical, chemical, and mechanical 
properties of non-cured mortars are critical in the development of a high-quality material.  
This research, in combination with the testing and assessment of the critical properties for 
cured mortars, will contribute to the evaluation of argamasa as a restoration material. 
7.2 FUTURE RESEARCH
The next phase of research will include laboratory testing and analysis of the 
physical and mechanical properties of cured mortars.  The addition of crushed brick 
imparts hydraulic properties as well as improving the mortar’s performance including: 
porosity, permeability, durability, and strength.   
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Based on the literature review detailed in Chapter 3, Table 7.2 outlines 
recommended tests and standards for the physical and mechanical properties of cured 
mortar samples.  Tests for water absorption/ drying rate, water vapor transmission, and 
salt resistance can begin once the 90-day curing phase is over.  Ideally, testing for 
splitting tensile strength should occur at 90, 180, and 360 days after initial preparation.  
In addition, XRD analysis on the powdered fines should be conducted to identify the 
formation of pozzolanic compounds.  Microscopic analysis of prepared thin sections 
should be performed to aid in the assessment of pore structure, crack formation, and 
binder to aggregate adhesion of the material.       
Table 7.2:  Recommended Tests for Cured Mortar 
Test Properties Recommended Standards 
Water Absorption by 
Total Immersion 
Porosity and Saturation 
Coefficient 
Normal 7/81 




Salt Resistance Durability RILEM V.1A 
Splitting Tensile Shear strength ASTM C496 
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APPENDIX A:  REFERENCE MAPS  
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   Figure A.1:  Caribbean islands. (Library of Congress Maps Collection) 
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  Figure A.3:  Old San Juan, Puerto Rico. (National Park Service, San Juan National Historic Site) 
San José 
Church 
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APPENDIX B:  ARCHITECTURAL DRAWINGS 
Architectural drawings of San José Church courtesy of the Archdiocese of San Juan of 
the Catholic Church of Puerto Rico. 
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APPENDIX C:  HISTORIC MORTAR SAMPLES 
All images were taken by the author. 
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           Figure C.1:  Location of samples RC-01 to RC-06 on the   





  142 
           Figure C.2:  Location of samples RC-01 (finish coat) and  
         RC-02 (scratch coat) on the west side of the Rosario  
         Chapel dome. 
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Figure C.3: (left) Location of samples 
RC-03, RC-04, and RC-05 on the 
northwest side of the Rosario Chapel 
lantern. 
Figure C.4: (below) Location of sample 
RC-06 on the dome of the Rosario Chapel 
lantern. 
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           Figure C.5:  Location of sample RC-07 on the south side of  
           the Rosario Chapel dome.  Area investigated on the northeast  
           side of the dome, but no sample was taken. 
RC-07 
No sample taken 
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   Figure C.6:  Location of sample RC-07 on the south side of the Rosario Chapel dome. 
   Figure C.7:  Area investigated on the northeast side of the Rosario Chapel dome, but  
   no sample was taken.  
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Figure C.8: (left) Location of samples 
RC-08 to RC-12 on the south façade of 
the San José Church transept.  Area 
investigated on the west side of the Belén 
Chapel dome, but no sample was taken. 
Figure C.9:  (below) Location of samples 
RC-08 to RC-12 on the south façade of 
the San José Church transept.
RC-07 – RC-12 
No sample taken 
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Figure C.10: (left) Location of samples 
RC-08 to RC-12 on the south façade of 
the San José Church transept. 
Figure C.11: (below) Area investigated 
on the west side of the Belén Chapel 
dome, but no sample was taken. 
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   Figure C.12:  Area investigated on the southwest side of the San José Church main  
   dome, but no sample was taken. 
   Figure C.13:  Area investigated on the southwest side of the San José Church main  
   dome, but no sample was taken. 
No sample taken 
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APPENDIX D:  GRAVIMETRIC ANALYSIS OF HISTORIC MORTARS  
Gravimetric analysis conducted by the author at the Architectural Conservation 
Laboratory at the University of Pennsylvania. 
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UNIVERSITY OF PENNSYLVANIA – SCHOOL OF DESIGN 
Graduate Program in Histor ic Preservat ion  
MORTAR /  PLASTER ANALYSIS DATA SHEET 
Project / Site: Capilla de la Virgen del Rosario 
                         Iglesia San José, San Juan, Puerto Rico
Location:  
Dome, West facade
Performed by:  Jill Verhosek Date Sampled: 14 Oct 2005 Date Analyzed:   15 Jan 2006 
SAMPLE DESCRIPTION 
Type / Location:  Finish coat (enlucido)
Sample No: RC-01
Cross Section Appearance:  Pink matrix with lime, crushed brick, gravel, and sand particles
Color of Bulk Sample:  2.5YR 8/2 (pinkish white)
Hardness (Mohs Scale):  2.5 (fingernail) 
Texture (grit):  220
Gross Weight (g):  41.02
COMPONENTS 
Filtrate Color: Yellow Weight (g):  13.83 Volume (cm3): 4.89
Description of Reaction:  Extreme – Vigorous – Moderate – Weak – None  (50 hrs)
Acid
Soluble
Fraction Composition:  Lime (density = 2.83 g/cm3)
Color: 2.5YR 7/4 (pink) Weight (g):  4.22 Volume (cm3): 1.60
Organic Matter:  Animal Hair – Vegetable Fiber – Charcoal – Ash – Wood – Other – N/AFines
Composition:  Clay (Kaolinite density = 2.63 g/cm3)*
Color: 5YR 7/6 (reddish yellow) Weight (g):  22.97 Volume (cm3): 15.0
Grain Shape:  angular to rounded























30 0.96 4.18 70.61 2.5YR 6/8 sub-ang/ sub-round 
gravel, brick, 
quartz
50 3.67 15.98 54.63 5YR 7/4 sub-ang/ round 
brick, quartz, 
magnetite 
100 8.62 37.53 17.10 5YR 7/4 sub-ang/ round 
brick, quartz, 
magnetite 






Pan 1.52 6.62 0.42 5YR 7/3 angular/ sub-ang brick, quartz 
Mortar Type:  % Weight %Volume Ratio
 Acid Soluble: 33.72 22.75 1 
 Fines: 10.29 7.45 
Aggregate: 56.00 69.80 
3.40
* Density of Kaolinite used to find an approximate volume 
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Graph D.1:  Aggregate Particle Size Distribution of 






















Graph D.2:  Aggregate Particle Size Distribution of 
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  Figure D.1:  Rosario Chapel finish coat sample (RC-01) – gross sample (l) and mass retained from  
  sieve no.8 (r). 
  Figure D.2:  Rosario Chapel finish coat sample (RC-01) – mass retained from sieve no. 16 (l) and sieve  
  no. 30 (r). 
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  Figure D.3:  Rosario Chapel finish coat sample (RC-01) – mass retained from sieve no. 50 (l) and  
  sieve  no. 100 (r). 
  Figure D.4:  Rosario Chapel finish coat sample (RC-01) – mass retained from sieve no. 200 (l) and  
  pan (r). 
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UNIVERSITY OF PENNSYLVANIA – SCHOOL OF DESIGN 
Graduate Program in Histor ic Preservat ion  
MORTAR /  PLASTER ANALYSIS DATA SHEET 
Project / Site: Capilla de la Virgen del Rosario 
                         Iglesia San José, San Juan, Puerto Rico
Location:  
Dome, West facade
Performed by:  Jill Verhosek Date Sampled: 14 Oct 2005 Date Analyzed:   15 Jan 2006 
SAMPLE DESCRIPTION 
Type / Location:  Scratch coat (enfoscado)
Sample No: RC-02
Cross Section Appearance:  Pink matrix with lime, crushed brick, gravel, and sand particles
Color of Bulk Sample:  2.5YR 8/3 (pink)
Hardness (Mohs Scale):  2.5 (fingernail) 
Texture (grit):  120
Gross Weight (g):  42.34
COMPONENTS 
Filtrate Color:  Yellow Weight (g):  12.29 Volume (cm3): 4.34
Description of Reaction: Extreme – Vigorous – Moderate – Weak – None   (50 hrs)
Acid
Soluble
Fraction Composition:  Lime (density = 2.83 g/cm3)
Color: 5YR  8/3 (pink) Weight (g):  2.91 Volume (cm3): 1.11
Organic Matter:  Animal Hair – Vegetable Fiber – Charcoal – Ash – Wood – Other – N/AFines
Composition:  Clay (Kaolinite density = 2.63 g/cm3)
Color:  5YR 7/8 (light red) Weight (g):  27.14 Volume (cm3): 17.0
Grain Shape:  angular to rounded













8 9.32 34.34 65.66 2.5YR 6/8 Gley1 6/N 




16 2.61 9.62 56.04  2.5YR 6/8 Gley1 6/N 




30 1.60 5.90 50.14 2.5YR 6/6 angular/ round 
gravel, brick, 
quartz
50 3.57 13.15 36.99 5YR 7/6 sub-ang round 
brick, quartz, 
magnetite 
100 7.18 26.46 10.53 5YR 7/4 angular/   sub-ang 
brick, quartz, 
magnetite 






Pan 0.73 2.69 0.29 10R 7/4 angular/   sub-ang brick, quartz 
Mortar Type:  % Weight % Volume Ratio
 Acid Soluble: 29.03 19.33 1 
 Fines: 6.87 4.94 
 Aggregate: 64.10 75.72 
4.17
* Density of Kaolinite used to find an approximate volume 
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Graph D.3:  Aggregate Particle Size Distribution of 






















Graph D.4:  Aggregate Particle Size Distribution of 
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  Figure D.5:  Rosario Chapel scratch coat sample (RC-02) – gross sample (l) and mass retained from  
  sieve no. 8 (r).
  Figure D.6:  Rosario Chapel scratch coat sample (RC-02) – mass retained from sieve no. 16 (l) and  
  sieve no. 30 (r).
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  Figure D.7:  Rosario Chapel scratch coat sample (RC-02) – mass retained from sieve no. 50 (l) and  
  sieve no. 100 (r). 
  Figure D.8:  Rosario Chapel scratch coat sample (RC-02) – mass retained from sieve no. 200 (l) and  
  pan (r). 
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UNIVERSITY OF PENNSYLVANIA – SCHOOL OF DESIGN 
Graduate Program in Histor ic Preservat ion  
MORTAR /  PLASTER ANALYSIS DATA SHEET 
Project / Site: Casa Caminero 
                         San Juan, Puerto Rico Location: Roof
Performed by:  Jill Verhosek Date Sampled:  ~ Date Analyzed:   18 Jan 2006 
SAMPLE DESCRIPTION 
Type / Location:  Parapet 
Sample No: RC-14
Cross Section Appearance:  Pink matrix with lime, crushed brick, and sand particles
Color of Bulk Sample:  2.5YR 7/3 (light reddish brown)
Hardness (Mohs Scale):  2.5 (fingernail) 
Texture (grit):  220
Gross Weight (g):  18.61
COMPONENTS 
Filtrate Color:  Yellow Weight (g):  8.64 Volume (cm3): 3.05
Description of Reaction: Extreme – Vigorous – Moderate – Weak – None  (28 hrs)
Acid
Soluble
Fraction Composition:  Lime (density = 2.83 g/cm3)
Color: 5YR  6/4 (light red brown) Weight (g):  7.63 Volume (cm3): 2.90
Organic Matter: Animal Hair – Vegetable Fiber – Charcoal – Ash – Wood – Other – N/AFines
Composition:  Clay (Kaolinite density = 2.63 g/cm3)
Color: 2.5YR 3/4 (dark red brown) Weight (g):  2.34 Volume (cm3): 1.60
Grain Shape:  angular to sub-rounded













8 0.00 0.00 100 ~ ~ ~ 
16 0.13 5.56 94.44 2.5YR 5/6 sub-ang/ sub-round brick
30 0.27 11.53 82.91 2.5YR 4/4 sub-ang/ sub-round brick
50 0.36 15.38 67.53 2.5YR 4/4 angular brick, quartz 
100 0.36 15.38 52.15 2.5YR 3/4 angular brick, quartz, mica






Pan 0.79 33.76 0.01 5YR 4/4 angular brick, quartz, mica
Mortar Type:  % Weight % Volume Ratio
 Acid Soluble: 46.43 40.40 1 
 Fines: 41.00 38.41 
 Aggregate: 12.57 21.19 
1.48
* Density of Kaolinite used to find an approximate volume 
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Graph D.5:  Aggregate Particle Size Distribution of 






















Graph D.6:  Aggregate Particle Size Distribution of 
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  Figure D.9:  Casa Caminero sample (RC-14) – gross sample (l) and mass retained from sieve no. 16 (r). 
  Figure D.10:  Casa Caminero sample (RC-14) – mass retained from sieve no. 30 (l) and sieve no. 50 (r). 
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  Figure D.11:  Casa Caminero sample (RC-14) – mass retained from sieve no. 100 (l) and sieve  
  no. 200 (r). 
  Figure D.12:  Casa Caminero sample (RC-14) –  
  mass retained from pan. 
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UNIVERSITY OF PENNSYLVANIA – SCHOOL OF DESIGN 
Graduate Program in Histor ic Preservat ion  
MORTAR /  PLASTER ANALYSIS DATA SHEET 
Project / Site: Asilo de Niñas 
                         San Juan, Puerto Rico Location: Roof
Performed by:  Jill Verhosek Date Sampled: 28 Aug 2000 Date Analyzed:   18 Jan 2006 
SAMPLE DESCRIPTION 
Type / Location:  Parapet 
Sample No: RC-16
Cross Section Appearance:  Yellow matrix with lime, crushed brick, and sand particles
Color of Bulk Sample:  5YR 8/4
Hardness (Mohs Scale):  2.5 (fingernail)
Texture (grit):  80
Gross Weight (g):  16.36
COMPONENTS 
Filtrate Color:  Amber Weight (g):  8.11 Volume (cm3): 2.87
Description of Reaction:  Extreme – Vigorous – Moderate – Weak – None  (28 hrs)
Acid
Soluble
Fraction Composition:  Lime (density = 2.83 g/cm3)
Color: 2.5YR 6/8 (light red) Weight (g):  2.00 Volume (cm3): 0.76
Organic Matter:  Animal Hair – Vegetable Fiber – Charcoal – Ash – Wood – Other – N/AFines
Composition:  Clay (Kaolinite density = 2.63 g/cm3)
Color: 10R 8/4 Weight (g):  6.25 Volume (cm3): 4.00
Grain Shape:  angular to rounded













8 0.00 0.00 100.00 ~ ~ ~ 
16 0.02 0.32 99.68 2.5YR 5/8 sub-rounded brick, quartz 
30 0.16 2.56 97.12 10R 8/4 angular/  sub-ang brick, quartz 
50 2.60 41.60 55.52 10R 8/4 angular/  sub-ang brick, quartz 
100 2.45 39.20 16.32 2.5YR 6/6 angular/  sub-ang brick, quartz 




Pan 0.43 6.88 0.00 2.5YR 6/6 angular brick, quartz 
Mortar Type:  % Weight % Volume Ratio
 Acid Soluble: 49.57 37.61 1 
 Fines: 12.22 9.96 
 Aggregate: 38.20 52.42 
1.66
* Density of Kaolinite used to find an approximate volume 
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Graph D.7:  Aggregate Particle Size Distribution of 























Graph D.8:  Aggregate Particle Size Distribution of 




















  164 
  Figure D.13:  Asilo de Niñas sample (RC-16) – gross sample (l) and mass retained from sieve no. 16 (r). 
  Figure D.14:  Asilo de Niñas sample (RC-16) – mass retained from sieve no. 30 (l) and sieve no. 50 (r). 
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  Figure D.15:  Asilo de Niñas sample (RC-16) – mass retained from sieve no. 100 (l) and sieve  
  no. 200 (r). 
  Figure D.16:  Asilo de Niñas sample (RC-16) – 
  mass retained from pan. 
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APPENDIX E:  X-RAY DIFFRACTION ANALYSIS OF HISTORIC MORTARS 
XRD was conducted by Steven Szewczyk at the Laboratory for the Research on the 
Structure of Matter (LRSM) at the University of Pennsylvania’s Materials Research 
Science and Engineering Center.
  167 
ROSARIO CHAPEL SCRATCH COAT SAMPLE (RC-02)
Ref





46-1045 Quartz, syn SiO2 0.946 34.2% 
05-0586 Calcite, syn CaCO3 0.662 23.9% 
09-0466 Albite, ordered NaAlSi3O8 0.512 18.5% 
11-0695 Cristobalite, syn SiO2 0.307 11.1% 
29-0305 Calcium Carbonate CaCO3 0.116 4.2% 
25-0154 Diopside, aluminian Ca(Mg,Al)(Si,Al)2O6 0.177 6.4% 
43-1456 Birnessite, syn Na0.3Ca0.1K0.1Mn4+Mn3+O4·1.5(H2O) 0.022 0.8% 
41-1489 Koninckite Fe3+(PO4)·3(H2O) 0.025 0.9% 
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CASA CAMINERO SAMPLE (RC-14)
Ref





46-1045 Quartz, syn SiO2 0.976 50.4% 
09-0466 Albite, ordered NaAlSi3O8 0.61 31.5% 
38-1429 Tricalcium aluminate Ca3Al2O6 0.142 7.3% 
38-0466 Diopside, aluminian Ca(Mg,Al)(Si,Al)2O6 0.069 3.6% 
20-0481 Magnesiohornblende Ca2[(Mg,Fe2+)4Al](Si7Al)O22(OH)2 0.067 3.5% 
05-0586 Calcite, syn CaCO3 0.046 2.4% 
41-1489 Koninckite Fe3+(PO4)·3(H2O) 0.026 1.3% 
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ASILO DE NIÑAS SAMPLE (RC-16)
Ref





46-1045 Quartz, syn SiO2 0.952 88.1% 
09-0466 Albite, ordered NaAlSi3O8 0.062 5.7% 
33-0282 Ankerite Ca(Fe,Mg,Mn)(CO3)2 0.032 3.0% 
29-0305 Calcium Carbonate CaCO3 0.021 1.9% 
45-1342 Ferroactinolite Ca2Fe5Si8O22(OH)2 0.014 1.3% 
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APPENDIX F:  PHOTOMICROGRAPHS OF HISTORIC MORTARS  
All photomicrographs of thin sections were taken by the author at the Architectural 
Conservation Laboratory at the University of Pennsylvania.  All thin sections were 
illuminated with reflected and polarized light at 50x total magnification.   
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 Figure F.1: Rosario Chapel finish coat sample (RC-01) in reflected 100µm 
light. Note the large brick and gravel fragments, the low quantity of brick dust, and  
bioclastic sand. 
 Figure F.2: Rosario Chapel finish coat sample (RC-01) in reflected 100µm 
light. Note the lime paste and calcitic bioclasts are stained red. 
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 Figure F.3: Rosario Chapel finish coat sample (RC-01) in cross-      100µm 
polarized light. Note the quartz sand in the brick fragments. 
 Figure F.4: Rosario Chapel finish coat sample (RC-01) in cross-      100µm 
polarized light.  Note the calcitic bioclasts are stained red. 
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 Figure F.5: Rosario Chapel scratch coat sample (RC-02) in reflected 100µm 
light. Note the large brick and gravel fragments, the low quantity of brick dust, and  
bioclastic sand.
 Figure F.6: Rosario Chapel scratch coat sample (RC-02) in reflected 100µm 
light. Note the lime paste and calcitic bioclasts are stained red. 
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 Figure F.7: Rosario Chapel scratch coat sample (RC-02) in cross-    100µm 
polarized light. 
 Figure F.8: Rosario Chapel scratch coat sample (RC-02) in cross-    100µm 
polarized light. Note the calcitic bioclasts are stained red. 
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 Figure F.9: Casa Caminero sample (RC-14) in reflected light.           100µm 
Note the brick dust and fragments. 
 Figure F.10: Casa Caminero sample (RC-14) in reflected light.         100µm 
Note the lime paste is stained red. 
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 Figure F.11: Casa Caminero sample (RC-14) in cross-polarized       100µm 
light. Note the quartz sand in the brick fragments. 
 Figure F.12: Casa Caminero sample (RC-14) in cross-polarized       100µm 
light. Note the calcitic paste is stained red. 
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 Figure F.13: Asilo de Niñas sample (RC-16) in reflected light.         100µm 
Note the brick dust and fragments. 
 Figure F.14: Asilo de Niñas sample (RC-16) in reflected light.         100µm 
Note lime paste is stained red and cracking. 
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 Figure F.15: Asilo de Niñas sample (RC-16) in cross-polarized        100µm 
light. Note the quartz sand in brick fragments. 
 Figure F.16: Asilo de Niñas sample (RC-16) in cross-polarized        100µm 
light. Note the calcitic paste is stained red. 
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APPENDIX G:  LITERATURE REVIEW 
A literature review was conducted on the research of lime-crushed brick mortars 
occurring in the past 25 years, where samples were fabricated, based on historic research, 
in a controlled environment and tested in the laboratory for the purposes of conservation 
and restoration.
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APPENDIX H:  MORTAR FORMULATIONS 
Historic mortar formulations in Puerto Rico courtesy of Beatriz del Cueto, FAIA. 
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APPENDIX I:  MATERIAL CHARACTERIZATION 
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QUICKLIME – PRODUCT DATA
English Translation: 
Lime is obtained when crushing limestone with a high content of calcium carbonate 
(no less than 98.5% is acceptable in the manufacturing of the lime, however, for 
cement 80% to 85% is acceptable) into gravel between 1/2" to 1-1/2" in size; to be 
burned later.  It is known as “quicklime” because of its caustic properties. 
To inactivate the lime, add water to the crushed gravel that has been calcined to 
obtain hydrated lime, which is packaged and sold. 
The quicklime is fabricated by burning limestone with a high content of calcium 
carbonate, which is 97% or more, in a temperature range of 1000°F - 1200°F.  The 
carbon dioxide is let off leaving the free lime, which is known as calcium oxide. 
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ISABELA SAND – SIEVE ANALYSIS

































8 2360 2.02 8.35 6.33 5.99 5.99 95-100 94.01 
16 1180 1.98 15.67 13.69 12.95 18.94 70-100 81.06 
30 600 2.05 20.72 18.67 17.67 36.61 40-75 63.39 
50 300 1.99 49.82 47.83 45.26 81.87 10–35 18.13 
100 150 2.06 19.71 17.65 16.70 98.57 2–15 1.43 
200 75 2.09 2.77 0.68 0.64 99.21 0–5 0.79 
Pan <75 2.03 2.63 0.60 0.57 99.78 ~ 0.22 
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PUERTO RICO BRICK – X-RAY DIFFRACTION (XRD) RESULTS
Ref





46-1045 Quartz, syn SiO2 0.8 49.9% 
09-0466 Albite, ordered NaAlSi3O8 0.336 21.0% 
05-0586 Calcite, syn CaCO3 0.161 10.0% 
38-1429 Tricalcium aluminate Ca3Al2O6 0.205 12.8% 
45-1342 Ferroactinolite Ca2Fe5Si8O22(OH)2 0.1 6.2% 
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PENNSYLVANIA LIMESTONE – X-RAY FLUORESCENCE (XRF) RESULTS
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APPENDIX J:  TESTING AND CURING SCHEDULES  
  200 
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APPENDIX K:  FLOW TEST DATA 
Measurements and calculations based on ASTM C1437-99. 
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A1 108.66 110.93 107.46 106.58 6.81 
A2 105.48 108.33 105.14 106.16 4.68 
5.74
B1 107.71 109.17 109.05 107.63 6.79 
B2 106.65 107.97 110.89 110.27 7.35 
7.07
C1 105.31 107.71 107.08 106.87 5.14 
C2 108.01 108.97 109.3 108.23 7.03 
6.09
D1 109.29 109.2 108.68 109.93 7.68 
D2 105.78 107.47 106.87 107.99 5.43 
6.55























Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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APPENDIX L:  SET TIME DATA 
Measurements and calculations based on ASTM C191-99. 
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Table L.1:  Penetration Measurements (mm) of 




(days) A1 A2 A3 
12.0 0.5 40.0 40.0 40.0 
18.0  0.75 33.0 33.0 33.0 
20.0  0.8 26.0 28.0 26.0 
24.0 1.0 23.0 21.0 18.0 
26.0  1.1 18.0 20.0 15.0 
28.0  1.2 6.0 10.0 7.0 
36.0 1.5 9.0 7.0 6.0 
48.0 2.0 3.0 3.0 7.0 
60.0 2.5 0.0 3.0 1.0 
72.0 3.0 ~ 1.0 0.0 
96.0 4.0 ~ 0.0 ~ 
120.0 5.0 ~ ~ ~ 
144.0 6.0 ~ ~ ~ 
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Table L.2:  Penetration Measurements (mm) of 




(days) B1 B2 B3 
12.0 0.5 40.0 40.0 40.0 
18.0  0.75 40.0 40.0 40.0 
20.0  0.8 33.0 35.0 33.0 
24.0 1.0 32.0 27.0 29.0 
26.0  1.1 30.0 33.0 30.0 
28.0  1.2 23.0 29.0 23.0 
36.0 1.5 18.0 28.0 21.0 
48.0 2.0 8.0 25.0 15.0 
60.0 2.5 10.0 14.0 12.0 
72.0 3.0 4.0 6.0 3.0 
96.0 4.0 1.0 2.0 1.0 
120.0 5.0 0.0 1.0 0.0 
144.0 6.0 ~ 0.0 ~ 
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Table L.3:  Penetration Measurements (mm) of 




(days) C1 C2 C3 
24.0 1.0 40.0 40.0 40.0 
48.0 2.0 40.0 40.0 40.0 
72.0 3.0 40.0 40.0 40.0 
96.0 4.0 40.0 40.0 40.0 
120.0 5.0 28.0 40.0 40.0 
144.0 6.0 25.0 40.0 40.0 
168.0 7.0 23.0 40.0 40.0 
192.0 8.0 23.0 40.0 40.0 
216.0 9.0 28.0 40.0 40.0 
240.0 10.0 16.0 40.0 40.0 
264.0 11.0 14.0 37.0 40.0 
288.0 12.0 2.0 40.0 39.0 
312.0 13.0 4.0 28.0 40.0 
336.0 14.0 5.0 11.0 33.0 
360.0 15.0 3.0 8.0 36.0 
384.0 16.0 3.0 11.0 28.0 
408.0 17.0 3.0 11.0 28.0 
432.0 18.0 3.0 9.0 25.0 
456.0 19.0 1.0 13.0 26.0 
480.0 20.0 0.0 7.0 8.0 
504.0 21.0 ~ 6.0 7.0 
528.0 22.0 ~ 4.0 5.0 
552.0 23.0 ~ 1.0 2.0 
576.0 24.0 ~ 2.0 0.0 
600.0 25.0 ~ 0.0 ~ 
624.0 26.0 ~ ~ ~ 
648.0 27.0 ~ ~ ~ 
672.0 28.0 ~ ~ ~ 
696.0 29.0 ~ ~ ~ 
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Table L.4:  Penetration Measurements (mm) of 




(days) D1 D2 D3 
24.0 1.0 40.0 40.0 40.0 
48.0 2.0 40.0 40.0 40.0 
72.0 3.0 40.0 40.0 40.0 
96.0 4.0 40.0 40.0 40.0 
120.0 5.0 40.0 40.0 40.0 
144.0 6.0 40.0 40.0 40.0 
168.0 7.0 36.0 40.0 37.0 
192.0 8.0 28.0 40.0 37.0 
216.0 9.0 27.0 39.0 40.0 
240.0 10.0 21.0 40.0 40.0 
264.0 11.0 18.0 40.0 40.0 
288.0 12.0 15.0 39.0 39.0 
312.0 13.0 13.0 38.0 35.0 
336.0 14.0 10.0 37.0 33.0 
360.0 15.0 13.0 36.0 28.0 
384.0 16.0 18.0 36.0 28.0 
408.0 17.0 9.0 40.0 30.0 
432.0 18.0 6.0 38.0 31.0 
456.0 19.0 5.0 35.0 29.0 
480.0 20.0 6.0 33.0 27.0 
504.0 21.0 2.0 29.0 29.0 
528.0 22.0 2.0 23.0 22.0 
552.0 23.0 1.0 9.0 17.0 
576.0 24.0 0.0 4.0 16.0 
600.0 25.0 ~ 3.0 12.0 
624.0 26.0 ~ 0.0 7.0 
648.0 27.0 ~ ~ 3.0 
672.0 28.0 ~ ~ 1.0 
696.0 29.0 ~ ~ 0.0 
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APPENDIX M:  DRYING SHRINKAGE AND MOISTURE CONTENT DATA 
Measurements and calculations based on ASTM C1148-92A and BS1377-2:1990:6.5. 
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A1 140.89 140.63 140.04 0.42 
A2 141.46 140.91 140.34 0.40 
A3 140.73 140.42 139.81 0.43 
0.42 0.02 
B1 140.59 140.35 140.05 0.21 
B2 140.89 140.39 139.99 0.28 
B3 140.38 140.33 140.08 0.18 
0.23 0.05 
C1 sample broke when de-molded 
C2 141.11 140.90 140.28 0.44 
C3 141.15 140.85 140.18 0.47 
0.46 0.02 
D1 140.51 140.17 139.72 0.32 
D2 sample broke when de-molded 
D3 141.31 140.68 140.24 0.31 
0.32 0.01 





















Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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A1 33.22 95.67 62.45 52.99 15.15 
A2 34.46 102.11 67.65 57.50 15.00 
A3 33.92 101.34 67.42 57.07 15.35 
15.17 0.17 
B1 34.38 105.95 71.57 61.04 14.71 
B2 34.81 106.83 72.02 61.27 14.93 
B3 33.82 104.20 70.38 59.75 15.10 
14.91 0.20 
C1 34.83 110.14 75.31     
C2 34.71 111.30 76.59 65.01 15.12 
C3 35.43 115.36 79.93 68.11 14.79 
14.95 0.23 
D1 34.32 108.24 73.92 63.26 14.42 
D2 33.83 101.51 67.68     
D3 33.60 106.97 73.37 62.76 14.46 
14.44 0.03 

























Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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APPENDIX N:  CARBONATION DATA 
Measurements based on ICCROM, A Laboratory Manual for Architecture Conservators.
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Table N.1:  Carbonation Depth Measurements 
Days Sample
4 7 14 28 
  Surface Core Surface Core Surface Core Surface Core 
A1 ( - ) ( - ) ( - ) ( - ) (+) ( - ) (+) 1mm ( - ) 
A2 ( - ) ( - ) ( - ) ( - ) (+) ( - ) (+) 1mm ( - ) 
A3 ( - ) ( - ) ( - ) ( - ) (+) ( - ) (+) 1mm ( - ) 
B1 ( - ) ( - ) ( - ) ( - ) (+) ( - ) (+) 1mm ( - ) 
B2 ( - ) ( - ) ( - ) ( - ) (+) ( - ) (+) 1mm ( - ) 
B3 ( - ) ( - ) ( - ) ( - ) (+) ( - ) (+) 1mm ( - ) 
C1 ( - ) ( - ) ( - ) ( - ) ( - ) ( - ) (+) ( - ) 
C2 ( - ) ( - ) ( - ) ( - ) ( - ) ( - ) (+) ( - ) 
C3 ( - ) ( - ) ( - ) ( - ) ( - ) ( - ) (+) ( - ) 
D1 ( - ) ( - ) ( - ) ( - ) ( - ) ( - ) (+) 1mm ( - ) 
D2 ( - ) ( - ) ( - ) ( - ) ( - ) ( - ) (+) 1mm ( - ) 
D3 ( - ) ( - ) ( - ) ( - ) ( - ) ( - ) (+) 1mm ( - ) 
Sample Key 
Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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APPENDIX O:  SPLITTING TENSILE STRENGTH DATA  
Tests conducted by Alex Radin at the Laboratory for the Research on the Structure of 
Matter (LRSM) at the University of Pennsylvania’s Materials Research Science and 
Engineering Center. 
Measurements and calculations based on ASTM C496-96. 
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Group A Lime-Fine Crushed Brick 
Group B Lime-Coarse Crushed Brick 
Group C Lime-Fine Crushed Limestone 
Group D Lime-Coarse Crushed Limestone 
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APPENDIX P:  MATERIALS SUPPLIERS AND RESEARCH LABORATORIES 
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MATERIALS SUPPLIERS
LIME PUTTY
Master Paint and Chemicals Corporation 
Carr. 127 Km. 12.7 
Bo. Magas Guayanilla, PR 00656 
787.835.4000
QUICKLIME
Cemex Puerto Rico 
Amelia Ind. Park 
Carr. 165 Km. 2.7 
Guaynabo, PR  00968 
www.cemexpuertorico.com 
SAND AND CRUSHED BRICK (not for commercial distribution) 
National Park Service  
San Juan National Historic Site 
Fort San Cristobal 
501 Norzagaray Street 
San Juan, PR  00901 
www.nps.gov/saju
CRUSHED LIMESTONE
Martin Limestone, Inc. 
Burkholder Quarry 
404 Martindale Road 
Ephrata, PA  17522 
www.martinlimestone.com 
THIN SECTIONS
Mineral Optics Laboratory 
29 “A” Street 
P.O. Box 828 
Wilder, Vermont 05088 
www.mineralopticslab.com 
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RESEARCH LABORATORIES
ARCHITECTURAL CONSERVATION LABORATORY
University of Pennsylvania 
Department of Historic Preservation 
115 Meyerson Hall 
210 South 34th Street 
Philadelphia, PA  19104 
www.design.upenn.edu
LABORATORY FOR RESEARCH ON THE STRUCTURE OF MATTER
University of Pennsylvania 
Materials Research Science and Engineering Center 
3231 Walnut Street 
Philadelphia, PA 19104 
www.lrsm.upenn.edu 
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GLOSSARY OF SPANISH TERMS 
arena: sand 
argamasa: lime-crushed brick mortar applied as an exterior water-resistant surface finish 
cal: lime 
cal apagada: slaked lime 
cal grasa: lime putty 
cal viva: quicklime 
capilla: chapel 
Capilla de Nuestra Señora del Rosario: Chapel of our Lady of the Rosary 
Capilla de Belén: Bethlehem Chapel 
cúpula: dome   
enfoscado: scratch coat 
enlucido: finish coat 
iglesia: church 
ladrillo: brick 
mampostería: rubble masonry construction 
polvo de ladrillo: brick dust 
revoco: exterior render (i.e limewash) 
rosario: rosary 
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INDEX 
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brick dust, 6, 30, 171, 173, 175, 177, 229 
brick fragments, 6, 38, 48, 172, 176, 178 
brick masonry dome, 1, 3, 26 
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calcite, 30, 37-39, 56, 82 
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coarse stuff, 55, 60-61, 67, 72 
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consistency, 7, 48-49, 60, 62, 66, 71-73, 
75, 93-94, 111-112 
curing, 30, 45, 49, 62, 77, 80, 82, 91, 
100, 102-103, 115, 119, 199 
dolomitic lime, 30 
enfoscado, 6, 140, 154, 229 
enlucido, 7, 140, 150, 229 
finish coat, 7, 18, 33, 36, 142, 152-153, 
171-172, 229 
flow, 11, 72-74, 86, 94-95, 111 
gravimetric analysis, 35, 37, 39 
Hadrian’s Wall, 26, 125 
Hagia Sophia, 3, 26, 44, 46-47, 51, 123- 
124
high calcium lime, 30, 53, 59, 96 
hydrated calcium aluminates and 
silicates, 31, 37 
inverted trowel method, 60 
Isabelline Gothic, 2 
lime putty, 6, 22-23, 30, 48, 53, 55, 61, 
79, 112, 117, 229 
lime-crushed brick mortars, 5-6, 23-29, 
32, 42, 48, 50, 71, 74, 76-77, 86, 90, 
93, 98, 102, 111, 113-114, 117-118, 
179, 229 
lime-sand mortars, 5, 24, 25, 27, 28, 30, 
32, 71, 74, 111, 113 
microscopy, 33-35, 39, 140 
mineral composition, 35, 38 
moisture content, 48, 80, 82, 96, 112, 
114-115
mortar formulations, 50-51, 56, 61, 77, 
84
mural paintings, 4-5 
paint, 4-5, 9, 10, 19, 140 
Palladio, Andrea, 27, 50, 125 
particle size distribution, 32, 35-36, 38, 
52, 54, 56-57, 60 
permeability, 10, 32, 42, 45, 49, 52, 82, 
118
Pliny the Elder, 25, 50-51 
porosity, 6, 32, 34, 42, 45, 49, 52, 82, 
112, 118 
porous particulate, 32, 52, 53, 111, 114 
Portland cement, 7, 8, 28-29, 117 
pozzolanic, 31, 35, 37, 39, 119 
quartz, 36-39, 56, 150, 154, 158, 162, 
172, 176, 178 
quicklime, 53, 229 
Renaissance, 22-23, 27-28, 50 
renders, 4, 7, 8, 9, 22, 24-25, 48, 58, 229 
Roman Empire, 22-27, 123 
Rosario Chapel, 1-5, 13, 15-18, 33, 36-
39, 49, 58, 71, 93, 111, 140-141, 143-
145, 151-153, 155-157, 167, 171-174 
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San José Church, 2, 12, 14, 32, 41, 50, 
121, 132, 140, 146-148 
scratch coat, 6, 33, 36, 142, 156-157, 
173-174, 229 
set time, 8, 32, 42-43, 48-49, 71, 75-76, 
93, 111, 113-114, 116, 118 
shrinkage, 8, 11, 42-43, 48, 71-72, 77-
78, 80-81, 89, 99-101, 113-114, 116 
slaked lime, 30, 72, 82, 102, 229 
Spain, 2, 22, 50-51, 121 
splitting tensile strength, 49, 71, 85, 92-
93, 103-104, 111, 117-119 
stiffness, 11 
stucco, 1, 6, 8-9, 41 
surface finish, 2, 4, 6, 9-11, 41, 48, 140, 
229
Vitruvius, Marcus, 25, 27, 50-51, 126 
volcanic ash, 23, 28, 31 
water-resistant, 1, 6, 8, 11, 229 
workability, 8, 30, 42-43, 48, 71-72, 94, 
111, 114, 117 
XRD, 33-35, 37, 39, 56, 119, 140, 166, 
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